12 United States Patent

Baalke et al.

US010338591B2

US 10,338,591 B2
Jul. 2, 2019

(10) Patent No.:
45) Date of Patent:

(54)

(71)

(72)

(73)

(%)

(21)
(22)

(63)

(60)

(1)

(52)

(58)

METHODS FOR AUTONOMOUSLY
NAVIGATING ACROSS UNCONTROLLED
AND CONTROLLED INTERSECTIONS

Applicant: Amazon Technologies, Inc., Seattle,
WA (US)

Inventors: Uriah Baalke, San Francisco, CA (US);
Stav Braun, San Francisco, CA (US);
Sonia Jin, San Francisco, CA (US)

Assignee: Amazon Technologies, Inc., Seattle,
WA (US)
Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by O days.

Appl. No.: 15/819,860

Filed: Nov. 21, 2017

Prior Publication Data

US 2018/0329418 Al Nov. 15, 2018
Related U.S. Application Data

Provisional application No. 62/4235,328, filed on Nov.

22, 2016.
Int. CL
GO05D 1/00 (2006.01)
GO05D 1/02 (2006.01)
(Continued)
U.S. CL
CPC ....... GO05D 1/0088 (2013.01); B6OW 30/0956

(2013.01); B6OW 50/0097 (2013.01);

(Continued)

Field of Classification Search
CPC .. GO5D 1/0088; GO5D 1/0214; GO5D 1/0246;
GO5SD 1/0276; B60OW 30/0956; B6OW
S50/0097; B6OW 2550/10

(Continued)

VEHICLE

VIRTUAL GEOSPATIAL MAP

f

“UNCONTROLLED"

S126-~.p

AN
5100

(56) References Cited

U.S. PATENT DOCUMENTS

1/2003 Wilson et al.
3/2008 Brooks et al.

(Continued)

6,504,530 Bl
7,339,993 Bl

FOREIGN PATENT DOCUMENTS

9/2010
9/2015

EP 2228779 A2
WO 2015134376 Al

OTHER PUBLICATTIONS

International Search Report and Written Opinion for PCT Applica-
tion No. PCT/US2017/062810 dated Jan. 29, 2018.

Primary Lxaminer — lan Q Nguyen
(74) Attorney, Agent, or Firm — Athorus, PLLC

(57) ABSTRACT

One variation of a method for autonomously navigating
along a crosswalk includes: at a first time, navigating
autonomously along a sidewalk toward a crosswalk coin-
ciding with a navigation route assigned to the autonomous
vehicle; recording optical data of a scene proximal the
autonomous vehicle via an optical sensor integrated into the
autonomous vehicle; aligning an anteroposterior axis of the
autonomous vehicle to the crosswalk detected in the optical
data; 1dentifying a pedestrian proximal the crosswalk 1n the
optical data; in response to the pedestrian entering the
crosswalk at a second time succeeding the {first time, pre-
dicting right of way of the autonomous vehicle to enter the
crosswalk; and, 1n response to predicting right of the autono-
mous vehicle to enter the crosswalk, autonomously navigat-
ing from the sidewalk into the crosswalk and autonomously
navigating along the crosswalk to an opposing sidewalk
according to the navigation route.

20 Claims, 3 Drawing Sheets

T e

CONFIDENCE SCORE:
191100 @

821100 @ Wl

82100 > THRESHOLD

. 4

CROSS STREET!




US 10,338,591 B2

Page 2
(51) Int. CL 2012/0083960 Al  4/2012 Zhu et al.
BGOW 30095 (201201) BOBIE AL 9200 Wison ctal
60w 50/00 (2006.01) 2013/0207099 Al 112013 Rovik
Goor 19/00 (2018.01) 2014/0081507 Al 3/2014 Urmson et al.
G060 50/28 (2012.01) 2014/0136414 Al 5/2014 Abhyanker
B6OW 30/09 (2012.01) 2014/0156133 Al  6/2014 Cullinane et al.
© us.cl 0140172250 AL 2014 Prokhoro <l
CPC ... GO5D 1/024 (2013.01); GO5D 1/0214 5014/0200737 Al 79014 Torts ef al
(2013.01); GO5SD 1/0244 (2013.01); GOSD 2014/0244678 Al  8/2014 Zamer et al.
170246 (2013.01); GO5SD 1/0276 (2013.01); 20}4/0278052 A.} 9/20.}4 Slavin et al.
GO6F 19/00 (2013.01); GO6Q 50/28 20150006005 AL 172015 Yu et al
| _ 2015/0153735 Al 6/2015 Clarke et al.
(2013.01); B6OW 2550/10 (2013.01); GOSD) 2015/0193005 Al 7/2015 Censo et al.
2201/0216 (2013.01) 2015/0241878 Al 82015 Crombez et al.
(58) Field of Classification Search 2015/0268665 Al 9/2015 Ludwick et al.
USPC oo 701/27 2015/0291032 Al 1072015 Kim et al.
See application file for complete search histo 2015/0345966 Al 12/2015 Meuleau
PP P LY. 2015/0345971 Al  12/2015 Meuleau et al.
_ 2015/0346727 Al  12/2015 Ramanujam
(56) References Cited 2015/0348112 Al  12/2015 Ramanujam
- 2015/0348335 Al 12/2015 Ramanujam
U.S. PATENT DOCUMENTS 2015/0363986 Al  12/2015 Hoyos et al.
2015/0367850 Al  12/2015 Clarke et al.
8,532,802 B2  9/2013 Netl 2016/0025973 Al 1/2016 Guttag et al.
8,571,743 B1* 10/2013 Cullinane ................ GO05SD 1/00 2016/0068156 Al 3/2016 Horii
| 701/23 2016/0085565 Al 3/2016 Arcese et al.
8,688,306 Bl ~ 4/2014 Nemec et al. 2016/0093212 Al 3/2016 Barfield et al.
8,738,213 Bl 5/2014  Szybalski et al. 2016/0144959 Al 5/2016 Meffert
8,855,847 B2 1072014 Uchara 2016/0209220 Al 7/2016 Laetz
9,079,587 B1  7/2015 Rupp et al. 5016/0200845 Al 72016 Ko
N . 1 1 1 ojo et al.
9,120,484 B1* 9/2015 Ferguson .............. GO6T 7/223 _ _ _ .
. . ©, 2016/0216711 Al 7/2016 Srivastava et al.
0,147,296 B2  9/2015 Ricci _ _ - .
0201421 Bl  12/2015 Fairfield et al. 2OT6/02474O4 A__h 8/20T6 Srivastava et al.
0381916 Bl 7/2016 Zhu et al 2016/0300400 Al 10/2016 Namikawa
0,440,647 B1*  9/2016 SUCAN .oovvvvvevevenn! B60W 30/08 2016/0301698 Al  10/2016 Katara et al.
9,558.664 Bl 1/2017 Gaebler et al. 2016/0307449 A1 10/2016 Gordon et al.
2003/0097047 Al 5/2003 Woltermann et al. 2016/0370193 Al 12/2016 Maischberger et al.
2003/0162523 Al 8/2003 Kapolka et al. 2017/0010613 Al 1/2017 Fukumoto
2006/0178140 Al  8/2006 Smith et al. 2017/0301232 AL* 10/2017 XU ooooeoeeeroereeno, GO6T 17/05
2007/0005609 Al  1/2007 Breed 2018/0134286 Al*  5/2018 Yi wovoeoeeioreriereinn, B60W 10/04
2007/0244614 A1 10/2007 Nathanson 2018/0307223 Al 10/2018 Peecters et al.
2008/0161986 Al  7/2008 Breed
2010/0157061 Al 6/2010 Katsman et al. * cited by examiner




U.S. Patent Jul. 2, 2019 Sheet 1 of 3 US 10,338,591 B2

DELIVERY
VEHICLE

5120

CONFIDENCE SCORE:
19/100| @
“UNCONTROLLED” 5122

A
S100

CONFIDENCE SCORE:

/8140

82/100 > THRESHOLD
FIG. 1 $

__ S170
CROSS STREET! |+




U.S. Patent Jul. 2, 2019 Sheet 2 of 3 US 10,338,591 B2

“DON'T
WALK”

CONFIDENCE SCORE:

9/100
< THRESHOLD
S130
CONFIDENCE SCORE:
(821100
> THRESHOLD
j QUERY,
c 5162 > e VIDEO SEMOTE —y VIDEO
- FEEDS -
|| SERVER
s @ crion = — —
_________ A - - COMMAND \
ACTION OPERATOR
5170 command—|| PORTAL

FIG. 2 ——




U.S. Patent Jul. 2, 2019 Sheet 3 of 3 US 10,338,591 B2

5100 5162
MY LAY YES APPLY SIGNAL MASK
TIMER TO SCAN DATA
EXPIRED? SEND QUERY +

CROPFPED SCAN DATA

SET DELAY | REJECT TO REMOTE OPERATOR
TIMER RECEIVED? PORTAL

S170 5170 CONFIRM S160
ACCESS e — ENTER
SESONE CONFIDENCE
NA;I&?TTIEEON D AUTONOMOUS CTS{?LSLV&/%K. SCORE > LOW
THRESHOLD?
NAVIGATION PEDESTRIAN)
AUTONOMOUSLY STI0 SCAN FIELD @
NAVIGATE TOWARD OPTICAL SENSORS
INTERSECTION

CONFIDENCE

N S— S— EXTRACT FEATURES SCORE > HIGH
RETRIEVE THRESHOLD YES THRESHOLD?

SCORES & GEO-

REFERENCED SIGNAL NO
MASK FOR NO PEDESTRIAN
INTERSECTION FROM AT PERPENDICULAR

CROSSWALK?

NAVIGATION MAF
o PEDESTRIAN

ENTERED

LOCALIZE PERPENDIC
CROSSWA
AUTONOMOUS S DESTRIAN S130
VEHICLE
: LOCATION +
5122 ORIENTATION YES
INDICATES INTENT ..
TO ENTER

PEDESTRIAN
DETECTED?

CROSSWALK?Y

PEDESTRIAN NO

ENTERED
CROSSWALK?
. INCREASE

CONFIDENCE SCORE o

YES YES | INCREASE ¥ | -SPEED
CONFIDENCE -GROUP DENSITY

NO

VEHICLE
APPROACHING
CROSSWALK
DETECTED?

NO

TRAFHC
SIGNAL

5124 NO

INCREASE
CONFIDENCE

FIG. 3



US 10,338,591 B2

1

METHODS FOR AUTONOMOUSLY
NAVIGATING ACROSS UNCONTROLLED
AND CONTROLLED INTERSECTIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. patent application

No. 62/425,328, filed Nov. 22, 2016, the contents of which
are 1ncorporated by reference herein in their entirety.

TECHNICAL FIELD

This invention relates generally to the field of autonomous
vehicles and more specifically to new and unique methods
for autonomously navigating across uncontrolled and con-
trolled intersections in the field of autonomous vehicles.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a flowchart representation of a method;

FIG. 2 1s a flowchart representation of one variation of the
method; and

FIG. 3 1s a flowchart representation of one variation of the
method.

DESCRIPTION OF TH.

(L.
1]

EMBODIMENTS

The following description of embodiments of the inven-
tion 1s not intended to limit the invention to these embodi-
ments but rather to enable a person skilled in the art to make
and use this mmvention. Variations, configurations, imple-
mentations, example 1mplementations, and examples
described herein are optional and are not exclusive to the
variations, configurations, implementations, example 1mple-
mentations, and examples they describe. The invention
described herein can include any and all permutations of
these variations, configurations, implementations, example
implementations, and examples.

1. Methods

As shown 1 FIG. 1, a method S100 for autonomously
navigating along a crosswalk includes, at an autonomous
vehicle: at a first time, navigating autonomously along a
sidewalk toward a crosswalk at an intersection 1 Block
S110, the crosswalk coinciding with a navigation route
assigned to the autonomous vehicle; recording optical data
ol a scene proximal the autonomous vehicle via an optical
sensor integrated into the autonomous vehicle in Block
S120; aligning an anteroposterior axis ol the autonomous
vehicle to the crosswalk detected 1n the optical data 1n Block
S112; 1dentifying a pedestrian proximal the intersection 1n
the optical data 1n Block S122; 1n response to the pedestrian
entering the crosswalk at a second time succeeding the first
time, predicting right of way of the autonomous vehicle to
enter the intersection in Block S140; and, in response to
predicting the right of the autonomous vehicle to enter the
intersection, autonomously navigating from the sidewalk
into the crosswalk and autonomously navigating along the
crosswalk to an opposing sidewalk according to the navi-
gation route in Block S170.

As shown 1n FIG. 2, one variation of the method S100
includes, at an autonomous vehicle: navigating autono-
mously along a sidewalk toward a crosswalk at an intersec-
tion 1 Block S110, the crosswalk coinciding with a navi-
gation route assigned to the autonomous vehicle; recording
optical data of a scene proximal the autonomous vehicle via
an optical sensor integrated 1nto the autonomous vehicle 1n
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Block S120; aligning an anteroposterior axis of the autono-
mous vehicle to the crosswalk detected 1n the optical data in
Block S112; at a first time, calculating a first confidence
score for right of way of the autonomous vehicle to enter the
crosswalk based on proximity of a vehicle detected proximal
the intersection 1n the scan data in Block S130; at a second
time succeeding the first time, 1dentifying a pedestrian
proximal the intersection 1n the optical data in Block S122;
in response to the pedestrian entering the crosswalk, calcu-
lating a second confidence score for right of way of the
autonomous vehicle to enter the crosswalk based on pres-
ence of the pedestrian 1n the crosswalk 1n Block 5140, the
second confidence score greater than the first confidence
score; 1n response to the second confidence score exceeding,
a first threshold score, transmitting a query to a remote
operator portal to confirm entry of the autonomous vehicle
into the crosswalk 1 Block $160; and, in response to
confirmation to enter the crosswalk from the remote operator
portal, autonomously navigating from the sidewalk into the
crosswalk and autonomously navigating along the crosswalk
to an opposing sidewalk according to the navigation route in
Block S170.

As shown 1n FIG. 3, another variation of the method S100
includes, at an autonomous vehicle: navigating autono-
mously along a sidewalk toward a crosswalk at an 1ntersec-
tion 1n Block S110, the crosswalk coinciding with a navi-
gation route assigned to the autonomous vehicle; recording
optical data of a scene proximal the autonomous vehicle via
an optical sensor integrated into the autonomous vehicle;
aligning an anteroposterior axis of the autonomous vehicle
to the crosswalk detected in the optical data 1n Block S112;
at a first time, detecting states of lighted traflic signals,
proximal the intersection, in the optical data; at approxi-
mately the first time, calculating a velocity of a vehicle
approaching the intersection i Block S126; calculating a
confidence score for right of way of the autonomous vehicle
to enter the intersection based states of lighted traflic signals
proximal the intersection and the velocity of the vehicle in
Block S130; 1n response to the confidence score exceeding
a threshold score, transmitting a query to a remote operator
portal to confirm entry of the autonomous vehicle into the
crosswalk 1n Block 5160; and, 1n response to confirmation
to enter the crosswalk from the remote operator portal,
autonomously navigating from the sidewalk 1nto the cross-
walk and autonomously navigating along the crosswalk to
an opposing sidewalk according to the navigation route 1n
Block S170.

2. Applications

Generally, an autonomous vehicle can execute Blocks of
the method S100 and variations of the method S100 locally
in order to determine when and how to navigate across an
intersection, such as uncontrolled, yield-controlled, stop-
controlled, and signal-controlled intersections. In particular,
an autonomous vehicle configured to autonomously navi-
gate along a sidewalk or bike lane can execute Blocks of the
method S100 to locally determine instances in which the
autonomous vehicle may cross a street or intersection—such
as at a crosswalk—with limited risk of collision with a
pedestrian, cyclist, or road vehicle (e.g., a car or truck). The
autonomous vehicle can: fuse data from various sensors
integrated into the autonomous vehicle mto a confidence
score (hereinafter a “crossing confidence score”) that the
autonomous vehicle has right of way to enter the intersec-
tion; and then navigate across the intersection—such as by
autonomously navigating within the crosswalk—when this
confidence score exceeds a threshold score. However, 1n
response to various triggers—such as a crossing confidence
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score that remains below a threshold score for at least a
threshold period of time—the autonomous vehicle can query
a remote operator portal to manually indicate whether the
autonomous vehicle has right of way to enter the intersection
and oflload sensor data to the remote operator portal sufli-
cient to enable a remote human operator to provide an
accurate response to the autonomous vehicle’s query.

In particular, the autonomous vehicle can be configured
to: autonomously navigate to a pickup location where 1its
hull 1s automatically or manually loaded with a package; to
autonomously navigate along sidewalks or other pedestrian
traflic lanes according to a navigation route extending from
the pickup location to a designated drop-ofl location for the
package; and then to release the package to its designated
recipient. When navigating between pickup and drop-oil
locations, the autonomous vehicle can locally execute
Blocks of the method S100 to: navigate toward an 1ntersec-
tion coinciding with 1ts assigned navigation route; collect
sensor data (e.g., optical distance and/or color information)
of a field around the autonomous vehicle; determine its
position and orientation near the intersection based on a
localization map and immutable features detected 1n these
sensor data (e.g., edges of sidewalks, road signs, building
facades, etc.); and to determine whether the autonomous
vehicle has right of way to enter the intersection (i.e., enter
onto and navigate along the crosswalk coinciding with 1ts
navigation route) based on mutable features detected in
these sensor data (e.g., states of controlled traflic signs,
states of other vehicles nearby, states of pedestrians nearby,
ctc.) The autonomous vehicle can then selectively enter the
crosswalk autonomously, hold at a sidewalk facing the
crosswalk, or query a remote human operator to assist the
autonomous vehicle’s next decision based on the autono-
mous vehicle’s determination of whether 1t has right of way
and/or 1ts confidence 1n 1ts possession of right of way to
enter the intersection.

The autonomous vehicle can execute vanations of the
method S100 based on the type of intersection occupied by
the autonomous vehicle. For example, when occupying an
uncontrolled, yield-controlled, or stop-controlled intersec-
tion, the autonomous vehicle can: implement computer
vision techniques to track the speed of a road vehicle
approaching the intersection; regularly (re)calculate a cross-
ing confidence score based on a rate of deceleration of the
road vehicle approaching the intersection; and cross the
intersection when the crossing confidence score exceeds a
threshold score. In this example, the autonomous vehicle can
also: 1dentily and track pedestrians at the itersection; such
as at the same or opposite corner of the intersection as the
autonomous vehicle; increase the crossing confidence score
in response to a pedestrian crossing the street; and then cross
the street with (e.g., adjacent or following) the pedestrian 1t
the crossing confidence score exceeds the threshold score. In
another example, when occupying a signal-controlled inter-
section, the autonomous vehicle can: implement computer
vision techniques to track a lighted signal at the intersection;
determine a right of way of vehicles and pedestrians at the
intersection; regularly (re)calculate a crossing confidence
score for the intersection based on the current right of way
and motion of road vehicles and pedestrians 1nto and out of
the intersection; and then cross the street if the crossing
confldence score exceeds the threshold score.

Blocks of the method S100 are described herein as
executed locally by a last-mile autonomous vehicle config-
ured to navigate along pedestrian pathways and to deliver
packages or other goods to designated recipients. However,
Blocks of the method S100 can alternatively be executed
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4

remotely by any other type of autonomous vehicle and/or by
a remote server based on data received from such an
autonomous vehicle.
2. Example Implementations

According to the method S100, when autonomously navi-
gating toward an uncontrolled, yield-controlled, or stop-
controlled intersection coinciding with 1ts assigned naviga-
tion route, the autonomous vehicle can: record optical data
through a suite of color cameras and/or distance sensors
(e.g., LIDAR scanners) arranged on the autonomous
vehicle; implement computer vision techniques to detect
immutable objects (e.g., road surfaces, sidewalk surfaces,
building facades, traflic signs, tratlic lights, crosswalk and
road lane markers, etc.) and mutable objects (e.g., pedestri-
ans, vehicles, trailic light states, etc.) 1n a scene around the
vehicle; and determine 1ts location and orientation in real
space based on positions of these immutable objects relative
to the autonomous vehicle and indicated positions of like
objects 1 a localization map stored on the autonomous
vehicle, as shown 1in FIG. 3. Based on its location 1n real
space and its assigned navigation route, the autonomous
vehicle can plan its next action, such as navigating through
the intersection via a crosswalk or turning onto another
sidewalk as the autonomous vehicle reaches the intersection.
If the navigation route coincides with a crosswalk at this
intersection, the autonomous vehicle can then calculate a
confidence score for the autonomous vehicle’s right of way
to enter the crosswalk and cross the intersection to an
opposing sidewalk based on various mutable features
detected 1n the scene nearby.
3.1 Unprotected Crosswalk

In one example implementation, upon approaching a
crosswalk labeled as unprotected 1n the navigation map or
upon otherwise determining that the upcoming crosswalk 1s
unprotected (e.g., based on lack of controlled signals
detected near the crosswalk), the autonomous vehicle can
default to scanming the scene nearby for road vehicles
approaching the crosswalk and calculate a confidence score
for entering the crosswalk based on (e.g., as an inverse
function of) presence of vehicles and speed of these road
vehicles. However, the autonomous vehicle may derive
more useiul information regarding its right of way to enter
the crosswalk (e.g., 1ts risk of colliding with another vehicle
upon entering the crosswalk) based on actions of a pedes-
trian at the intersection. For example, 11 another pedestrian
1s present at the intersection, such as on the same or
opposing sidewalk as the autonomous vehicle, the autono-
mous vehicle can: detect the pedestrian; predict the pedes-
trian’s 1ntent to cross the same crosswalk (or adjacent
parallel crosswalk) as the autonomous vehicle based on the
pedestrian’s actions or orientation relative to the crosswalk;
calculate a lower confidence score for right of way to enter
the crosswalk while the pedestrian remains on the sidewalk;
and then calculate an 1increased confidence score for right of
way to enter the crosswalk once the pedestrian enters the
sidewalk, as shown 1n FIG. 3. In particular, the autonomous
vehicle can: predict that the pedestrian 1s likely crossing the
intersection safely and 1s moving through the crosswalk at a
typical pedestrian walking speed; predict that the pedestrian
1s entering the intersection dangerously if running across the
crosswalk; and predict that the pedestrian 1s paying poor
attention to the mtersection 1 moving through the crosswalk
at significantly below the typical pedestrian walking speed;
and adjust the calculated confidence score for its right of
way to enter the crosswalk accordingly.

Furthermore, 11 the autonomous vehicle detects a group of
pedestrians waiting on the same or opposing sidewalk, the
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autonomous vehicle can momitor this group and adjust the
confidence score for entering the unprotected crosswalk
based on actions of the group. In particular, the autonomous
vehicle can: calculate a high confidence score for 1ts right of
way to enter the same crosswalk upon detecting the group of
pedestrians transitioning—approximately 1 unison—Iirom
standing on the sidewalk to entering the crosswalk; and
maintain a high confidence score for its right of way to enter
the crosswalk with the pedestrians 11 the density or speed of
the group of pedestrians moving through the crosswalk
remains consistent and/or approximates an expected pedes-
trian walking speed. However, upon detecting only a (rela-
tively small) portion of pedestrians 1n this group transition-
ing onto the crosswalk and/or large disparity in the speed at
which the pedestrians move through the crosswalk, the
autonomous vehicle can calculate a reduced confidence
score for its right of way to enter this crosswalk.

In particular, the pedestrian may be particularly capable of
determining whether the crosswalk 1s safe for her to enter,
and vehicles approaching the crosswalk may be more likely
to stop for the pedestrian than for the autonomous vehicle;
the pedestrian’s entry onto the crosswalk may be a strong

indicator of the autonomous vehicle’s risk when entering the
crosswalk. The autonomous vehicle can therefore imple-
ment Blocks of the method S100 to adjust 1ts confidence
score for entering an unprotected crosswalk based on pres-
ence and actions of pedestrians near this crosswalk, such as
in addition to or instead of proximity and speed of other road
vehicles approaching the unprotected crosswalk.

3.2 Unprotected Crosswalk

In another example implementation, upon approaching a
crosswalk labeled as protected in the navigation map or
upon otherwise determining that the upcoming crosswalk 1s
protected, the autonomous vehicle can default to scanming,
the scene nearby for a controlled traflic signal and/or a
controlled pedestrian signal and extract right of way of the
autonomous vehicle to enter the intersection from the state
of this signal. The autonomous vehicle can confirm 1ts right
of way (e.g., increase the confidence score for its right of
way) based on proximity and speed of the road vehicle
approaching the intersection or approaching the crosswalk,
as shown in FIG. 3.

However, 1n certain scenarios, controlled traflic signals,
controlled pedestrian signals, and/or road vehicles at or
approaching the intersection may be obscured from optical
sensors 1n the autonomous vehicle, such as by: glare from
the Sun; weather (e.g., fog, rain); pedestrians standing near
the autonomous vehicle; large vehicles (e.g., trucks, trailers)
near the intersection; nearby road construction; etc. The
autonomous vehicle can therefore scan the scene nearby for
other indicators of the autonomous vehicle’s right of way to
enter the 1intersection. For example, the autonomous vehicle
can: 1mplement computer vision techniques to detect a
pedestrian facing the same crosswalk, such as just 1n front of
or beside the autonomous vehicle; and calculate a confi-
dence score for the autonomous vehicle’s right of way to
enter the adjacent crosswalk based on whether the pedestrian
has entered the crosswalk, the pedestrian’s speed through
the crosswalk, actions of other pedestrians nearby, etc. As
other data indicative of the autonomous vehicle’s right of
way—such as visibility of other vehicles near the 1ntersec-
tion or a pedestrian signal at the opposite side of the
crosswalk—come 1nto the autonomous vehicle’s field of
view over time, the autonomous vehicle can regularly
update this confidence score accordingly, as shown in FIG.
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As 1n the foregoing example implementation, pedestrians
near a controlled intersection may: exhibit a strong contex-
tual understanding of the intersection and their risk of
entering the crosswalk; and directly influence drivers of
vehicles approaching the crosswalk (1.e., mherently cause
these drivers to slow to avoid colliding with these pedestri-
ans). The autonomous vehicle can therefore track pedestri-
ans near the itersection and calculate a confidence score for
entering the intersection based on actions of these pedestri-
ans, such as selectively when other traflic-related data 1s
unavailable to the autonomous vehicle or in combination
with traflic-related data of other types.

3.3 Navigation

Once the autonomous vehicle calculates a confidence
score—Tfor 1ts possession of right of way to enter the
intersection—that exceeds a preset threshold score (e.g.,
90/100), the autonomous vehicle can automatically: navi-
gate from the sidewalk 1nto the crosswalk via a nearby ramp;
navigate along the crosswalk (e.g., between lane markers on
cach side of the crosswalk); navigate up a far ramp onto the
opposing sidewalk; and resume autonomous execution of 1ts
assigned navigation path, as shown 1n FIG. 3. In the example
implementations described above in which the autonomous
vehicle detects a pedestrian on the same side of the cross-
walk and calculates an increased confidence score that
exceeds this preset threshold score responsive to the pedes-
trian entering the crosswalk just ahead of the autonomous
vehicle, the autonomous vehicle can also: autonomously
follow within a threshold distance of the pedestrian as the
pedestrian moves through the crosswalk, as shown 1n FIG.
2; and then veer from behind the pedestrian to the far ramp
between the crosswalk and the opposing sidewalk as the
autonomous vehicle nears the opposing sidewalk. The
autonomous vehicle can therefore automatically resume 1ts
navigation route by following the pedestrian along the
crosswalk once the pedestrian enters the intersection.

As shown 1n FIG. 3, the autonomous vehicle can also
implement multiple threshold scores. For example, if the
autonomous vehicle calculates a confidence score that
exceeds a high preset threshold score (e.g., 95/100), the
autonomous vehicle can automatically enter the crosswalk
and resume autonomous execution of its assigned navigation
route. However, 1f the autonomous vehicle calculates a
confidence score between a low preset threshold score (e.g.,
85/100) and the high preset threshold score, the autonomous
vehicle can: transmit a query to a remote operator portal
(e.g., via a remote server) for manual confirmation to enter
the intersection; transmit sensor data to the remote operator
portal to assist a remote human operator 1n responding to the
autonomous vehicle’s query; hold at the sidewalk adjacent
the crosswalk while awaitting a response from the remote
human operator; and then enter the intersection autono-
mously or under control by the remote human operator
responsive to confirmation from the remote human operator.
Otherwise, the autonomous vehicle can hold at the sidewalk
adjacent the crosswalk until 1t calculates a confidence
score—for 1ts right of way to enter the mtersection—that
exceeds one of both of these threshold scores. Therefore,
rather than query the remote operator portal for assistance
when the autonomous vehicle 1s unable to reach a confident
decision regarding 1ts next action, the autonomous vehicle
can instead execute Blocks of the method S100 to define a
next action (e.g., entering a crosswalk), calculate a confi-
dence that this next action may be executed at sufliciently
low risk to the autonomous vehicle (and pedestrians, etc.
nearby), and selectively query a remote human operator to
confirm this next action. In particular, the autonomous
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vehicle can execute Blocks of the method S100 to query a
remote human operator for assistance only when the autono-
mous vehicle 1s sufliciently confident that entering the
crosswalk 1s a proper next action, thereby limiting total time
that the remote human operator must dedicate to assisting,
the autonomous vehicle through the intersection, reducing,
total volume of data transmitted from the autonomous
vehicle to the remote operator portal, and thus reducing
per-mile operating cost of the autonomous vehicle.

Furthermore, 1n the foregoing implementation, when the
autonomous vehicle 1s very highly confident that it possesses
right of way to enter the intersection—such as when a large
group of pedestrians 1n front of the autonomous vehicle step
into a crosswalk i1n unison—the autonomous vehicle can
automatically resume autonomous navigation without assis-
tance from the remote human operator, thereby consuming,
human operator time and sensor data transmission resources
as a function of the autonomous vehicle’s perceived need for
human assistance (1.¢., inversely proportional to the autono-
mous vehicle’s confidence score for right of way to enter the
crosswalk when this confidence score exceeds a minimum
threshold score).

The autonomous vehicle can additionally or alternatively
query the remote operator portal for manual assistance 1n
other select scenarios, such as when the autonomous vehicle
has remained at a sidewalk facing a crosswalk for more than
a threshold duration of time (e.g., 90 seconds) without
reaching a confidence score exceeding a mimmimum threshold
score, as shown 1n FIG. 3, thereby preventing the autono-
mous vehicle from getting “stuck”™ at the same intersection
for too long. (Similarly, the autonomous vehicle can reduce
the minimum threshold score as a function of the duration of
time that the autonomous vehicle has occupied the same side
ol the sidewalk and then query the remote operator portal for
manual assistance when the confidence score calculated by
the autonomous vehicle exceeds this dynamic minimum
threshold score).

The autonomous vehicle can therefore execute Blocks of
the method S100: to transform positions and actions of
pedestrians near an intersection (and other features detected
in the scene) into a confidence score for the autonomous
vehicle’s right of way to enter the intersection; and to
selectively query a remote human operator for assistance
when the confidence score indicates that assistance from the
remote human operator may be particularly relevant, thereby
yielding eflicient use of data transier and remote human
operator bandwidth, rapid decision-making, and low
increase 1n risk to the autonomous vehicle.

4. Autonomous Vehicle

The autonomous vehicle functions to autonomously tra-
verse a pedestrian walkway, bike lane, or other pedestrian
pathway. For example, the delivery vehicle can be deployed
in an urban environment to complete last-mile delivery of a
package or bag of groceries to an end-recipient.

As shown 1n FIG. 1, the delivery vehicle can include: a
chassis; a drive system (e.g., including two driven center
wheels, and one or two 360°-swivel castors at each end); a
cargo hold configured to hold one or more discrete payloads
(e.g., multiple individually-packaged goods, multiple gro-
cery bags contaimng multiple grocery items, or boxes con-
taining one or more items) 1n a heated, cooled, or uncondi-
tioned volume; a set of sensors configured to collect
information about the delivery vehicle’s environment; and a
controller configured to transform sensor streams output by
the set of sensors into a crossing confidence score and to
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navigate the delivery vehicle over a pedestrian walkway or
bike lane based on crossing confidence scores calculated
over time.

In one implementation, the delivery vehicle includes one
or more 360° LIDAR sensors arranged on the top of the
delivery vehicle, such as at each of the front and rear of the
delivery vehicle. Each LIDAR sensor can output one three-
dimensional distance map—such as i1n the form of a 3D
point cloud representing distances between one meter and 50
meters between the LIDAR sensor and an external surface
within the field of view of the LIDAR sensor—per rotation
of the LIDAR sensor (1.e., once per scan cycle). The delivery
vehicle can also mnclude one or more color cameras facing
outwardly from the front, rear, and left lateral and right
lateral sides of the delivery vehicle. For example, each
camera can output a video feed containing a sequence of
digital photographic images (or “frames”), such as at a rate
of 20 Hz. Furthermore, the delivery vehicle can include a set
ol infrared proximity sensors arranged along the perimeter
of the base of the delivery vehicle and configured to output
signals corresponding to proximity of objects and pedestri-
ans within one meter of the delivery vehicle. The controller
within the delivery vehicle can thus fuse data streams from
the LIDAR sensor(s), the color camera(s), and the proximity
sensor(s) mto one real-time 3D color map of surfaces (e.g.,
surfaces of roads, sidewalks, road vehicles, pedestrians, etc.)
around the delivery vehicle per scan cycle and then process
cach 3D color map 1nto a crossing confidence score or other
navigational decision while traversing a pedestrian side-
walk, crosswalk, or bike lane, etc.

4. Navigation Route

Prior to or during navigation, the autonomous vehicle can
access or calculate a navigation route from its current
location to a destination location, as shown 1in FIG. 3, such
as where the autonomous vehicle will be loaded with a
package for delivery to a recipient or where the autonomous
vehicle will handofl a package to 1ts recipient.

For example, the autonomous vehicle can access a navi-
gation map containing a geospatial representation of a
geographic region populated with labels indicating side-
walks, crosswalks, sidewalk ramps, building entry and exit

points, curb cuts for road vehicles, building addresses,
sidewalk dimensions, locations of sidewalk obstructions
(e.g., trashcans, telephone poles, etc.), etc. Upon receipt of
an order specilying a pickup or delivery address, such as
from a remote computer system (e.g., a logistics server), the
autonomous vehicle can reference the navigation map to
calculate a navigation path from its current location, along
a sequence ol sidewalks, to the specified address. The
autonomous vehicle can also assign nominal speeds to
segments of the navigation path, such as based on preset
speeds stored in the navigation map or proportional to
widths and typical pedestrian tratflic along these sidewalk
segments.

Similarly, the autonomous vehicle can 1nject a flag to
query a remote human operator for assistance at each
intersection along the navigation route or at select intersec-
tions noted as higher risk or otherwise requiring manual
assistance 1n the navigation map.

Alternatively, the remote computer system can: calculate
this navigation route; populate this navigation route with
nominal speeds, remote assistance flags, etc. remotely; and
can upload these data to the autonomous vehicle for execu-
tion. However, the autonomous vehicle can generate or
receive a navigation path and related data in any other way.
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5. Autonomous Navigation

Block S110 of the method S100 recites navigating autono-
mously along a sidewalk toward a crosswalk at an intersec-
tion, wherein the crosswalk coincides with a navigation
route assigned to the autonomous vehicle; and Block S120
of the method S100 recites recording optical data of a scene
proximal the autonomous vehicle via an optical sensor
integrated 1nto the autonomous vehicle. Generally, 1n Blocks
S110 and 5120, the autonomous vehicle can scan its nearby
field for static and dynamic objects—such as curbs, build-
ings, road vehicles, trashcans, telephone and tratlic signal
poles, and pedestrians, etc.—and 1mplement autonomous
navigation techniques to traverse sidewalks or other pedes-
trian lanes according to the navigation route based on the
autonomous vehicle’s location and orientation 1n real space
and based on mutable and immutable objects detected 1n the
field around the autonomous vehicle, as shown 1n FIGS. 1,
2, and 3.

5.1 Object Detection

As described above, the autonomous vehicle can include
a set of LIDAR sensors and a set of color cameras (and/or
a set of color distance sensors, etc.) and can regularly scan
these sensors, such as at a rate of 10 Hz. For each scan (or
sequence of scans), the autonomous vehicle can implement
computer vision techniques to detect and identity such
obstacles near the autonomous vehicle, such as within a field
spanning ten meters ahead, three meters to the side, and five
meters behind the autonomous vehicle or within a field
spanning a volume proportional to the speed of the autono-
mous vehicle.

For example, the autonomous vehicle can: detect and
extract features from depth and color images of the field;
implement object detection techniques to associate groups of
features with discrete objects 1n the field; and then classity
cach object as one of a curb, building, road vehicle, trashcan,
telephone pole, or pedestrian, etc. based on features that
define the object and known characteristics (e.g., models) of
such objects. In Block S122 described below, the autono-
mous vehicle can also implement face detection techniques
to detect faces of pedestrians facing the autonomous vehicle
and to estimate the gaze of these pedestrians, and the
autonomous vehicle can implement human tracking tech-
niques to detect bodies of pedestrians not facing the autono-
mous vehicle but within the field around the autonomous
vehicle.

5.2 Intersection Approach and Crosswalk Detection

As the autonomous vehicle approaches an intersection
comnciding with the navigation route, the autonomous
vehicle can prepare to enter a crosswalk at this intersection
while collecting various data pertinent to deriving the
autonomous vehicle’s right of way to enter the crosswalk.

In one 1mplementation, to prepare to cross a street at an
intersection for which limited historical street crossing data
1s available, the autonomous vehicle can: reference current
sensor data to a localization map to confirm the autonomous
vehicle’s position and orientation relative to the intersection;
identily a crosswalk to enter, such as by identilying cross-
walk lane markers within scan data collected by the autono-
mous vehicle while approaching or occupying an adjacent
sidewalk; align its anteroposterior axis with the long axis of
the crosswalk (e.g., perpendicular vehicle traflic along the
road) 1n Block S112; and then define a sequence of way-
points along the crosswalk, such as a first waypoint coin-
ciding with a detected ramp from the sidewalk currently
occupied by the autonomous vehicle onto a near end of the
crosswalk and a second waypoint comnciding with a ramp
from the far end crosswalk onto the opposing sidewalk. For
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example, the autonomous vehicle can implement computer
vision techniques (e.g., template matching, pattern match-
ing, edge detection, etc.) to i1dentily sidewalk ramps—at
near and far ends of the crosswalk—in scan data collected by
the autonomous vehicle when approaching the intersection
and/or occupying a position on the near sidewalk. The
autonomous vehicle can then define one waypoint centered
on each ramp and a line of waypoints along the crosswalk.

Alternatively, these georeferenced waypoints along the
crosswalk can be predefined in the navigation map, and the
navigation route assigned to the autonomous vehicle can be
preloaded with these georeferenced waypoints.

The autonomous vehicle can then implement Blocks of
the method S100 described below to calculate a confidence
score for the autonomous vehicle’s right of way to enter the
crosswalk based on states of objects (e.g., traflic signals,
road vehicles, pedestrians, etc.) nearby.

6. Intersection Type

In one variation, the autonomous vehicle 1dentifies a type
of the mtersection or crosswalk and weights various features
in the scene around the intersection for calculating the
crossing confidence score based on a type of the intersection
or crosswalk. For example, as the autonomous vehicle
prepares to enter a crosswalk, the autonomous vehicle can:
identify the crosswalk as an unprotected crosswalk based on
an unprotected crosswalk label associated with the intersec-
tion 1n the navigation map; deactivate traflic signal detec-
tion; and instead assign a high weight to pedestrian actions
at the intersection and a moderate weight to actions of
vehicles approaching the intersection when calculating the
crossing confidence score for the crosswalk.

In another example, the autonomous vehicle can 1dentily
the crosswalk as a protected crosswalk by a lighted trathic
signal based on a protected crosswalk label associated with
the intersection in the navigation map. Accordingly, the
autonomous vehicle can assign a high weight to the status of
a traflic signal at a geospatial location predefined in the
navigation map, a moderate weight to pedestrian actions at
the intersection, and a low weight to actions of vehicles
approaching the intersection when calculating the crossing
confidence score for the crosswalk.

However, the autonomous vehicle can implement any
other method or technique to identity a type of the inter-
section, to prioritize various features detected in the scene
nearby, and to access georeferenced locations of expected
locations of such {features in the field of view of the
autonomous vehicle, etc.

7. Unprotected Crosswalk

In one variation shown in FIG. 1, the autonomous vehicle
approaches an unprotected intersection, detects various
mutable and immutable features near the intersection, and
determines the autonomous vehicle’s right of way to enter
the 1ntersection based on these features.

For example, the autonomous vehicle can identify the
crosswalk as an unprotected crosswalk based on an unpro-
tected crosswalk label associated with the intersection 1n a
navigation map, as described above. The autonomous
vehicle can then: implement computer vision techniques,
such as described below, to 1dentily a pedestrian occupying
the sidewalk proximal the crosswalk (e.g., adjacent the
autonomous vehicle) 1 optical data recorded by the autono-
mous vehicle over a first period of time 1n Block S122; and
calculate a first confidence score—Iless than a first threshold
score—ilor right of way of the autonomous vehicle to enter
the intersection responsive to detecting the pedestrian
stopped on the sidewalk adjacent the crosswalk 1n Block
S130. Because the first threshold score exceeds the first
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confildence score, the autonomous vehicle can halt on the
sidewalk proximal the crosswalk, continue to scan 1ts field
for features indicating right of way at the intersection, and
recalculate the confidence score accordingly.

Subsequently, the autonomous vehicle can calculate a
second confidence score—exceeding the first confidence
score—ilor right of way of the autonomous vehicle to enter
the mtersection in Block S140 responsive to detecting the
pedestrian entering the crosswalk at a second, later time. The
autonomous vehicle can then autonomously navigate from
the sidewalk 1nto the crosswalk automatically in Block S170
in response to the second confidence score exceeding the
first threshold score. Alternatively, the autonomous vehicle
can query the remote operator portal for confirmation to
enter the intersection in Block S160 in response to the
second confidence score exceeding the first threshold score
and only resume navigation through the intersection in
Block S170 following confirmation from the remote human
operator, as described below.

7.1 Pedestrian Detection and Tracking

In one implementation, the autonomous vehicle calculates
a crossing confldence score as a function of the location and
action of a pedestrian detected—in scan data collected by
the autonomous vehicle—near the intersection, as shown 1n
FIGS. 1, 2, and 3.

In one implementation, the autonomous vehicle scans the
scene proximal the autonomous vehicle for pedestrians, such
as by implementing computer vision techniques to detect
human faces and/or human bodies or silhouettes 1n the
optical data representing the field around the autonomous
vehicle. Upon detecting a particular pedestrian occupying
the sidewalk proximal the crosswalk 1n optical data recorded
over a period of time, the autonomous vehicle can associate
this pedestrian with the crosswalk 1 certain conditions are
met. For example, the autonomous vehicle can: calculate an
angular yaw oil:

set between the anteroposterior axis of the
pedestrian’s body (or face) and the crosswalk; and charac-
terize an intent of the pedestrian to enter the crosswalk as a
function of (e.g., proportional to) a duration of time that the
pedestrian occupies the sidewalk near the crosswalk, as an
inverse function of (e.g., inversely proportional to) the
angular yaw oflset between the pedestrian and the cross-
walk, and as an inverse function of a distance between the
pedestrian’s location and a near edge of the crosswalk over
this pertod of time. The autonomous vehicle can thus:
predict that the pedestrian intends to cross this street at this
crosswalk at some time 1n the future 11 this derived intent of
the pedestrian exceeds a threshold intent; and link an action
of the pedestrian with a confidence 1n the pedestrian’s—and
therefore the autonomous vehicle’s—right of way to enter
the 1ntersection.

In particular, 1f the derived intent of the pedestrian to enter
the crosswalk exceeds a threshold intent, the autonomous
vehicle can associate right of way of the autonomous vehicle
to enter the intersection with entry of the pedestrian into the
crosswalk. Therefore, the autonomous vehicle can calculate
a low crossing confidence score for the autonomous vehicle
in Block S130 while the pedestrian 1s detected—in scan
data—on the sidewalk near the crosswalk and then increase
this crossing confidence score in Block S140 upon detect-
ing—in subsequent scan data—that the pedestrian has
stepped onto the crosswalk.

The autonomous vehicle can continue to track the pedes-
trian 1n scan data collected during subsequent scan cycles
and adjust the crossing confidence score accordingly. For
example, the pedestrian moving quickly (e.g., jogging, run-
ning) through the crosswalk may indicate that the pedestrian
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does not have right of way, and the pedestrian moving
slowly through the crosswalk may indicate that the pedes-
trian 1S paylng insuflicient attention to the intersection.
Therefore, 1n this example, the autonomous vehicle can:
store or access a nominal pedestrian walking speed; extract
a speed of the pedestrian entering and moving through the
crosswalk; calculate a diflerence between the pedestrian’s
speed and the nominal pedestrian walking speed; and then
decrease the crossing confidence score for the autonomous
vehicle proportional to this difl

erence. Therefore, the
autonomous vehicle can calculate a confidence score for
right of way of the autonomous vehicle to enter the inter-
section 1n Block S140 as a function of the pedestrian
entering the crosswalk and heading toward the autonomous
vehicle and as an 1nverse function of a difference between a
speed of the pedestrian and a predefined nominal pedestrian
speed. In another example, the autonomous vehicle can track
the pedestrian’s path through the crosswalk and decrease the
crossing confidence score for the autonomous vehicle as the
pedestrian veers ofl of the crosswalk (e.g., “J-walks™), which
may similarly indicate that the pedestrian does not have right
of way to enter the intersection.

However, the autonomous vehicle can implement any
other method or technique to detect the pedestrian in or near
the crosswalk and to adjust the crossing confidence score for
the autonomous vehicle—in real-time—based on the pedes-
trian’s location, actions, and derived intent to cross the
intersection.

7.2 Group of Pedestrians

In a similar implementation, the autonomous vehicle
detects a group of (e.g., two or more) pedestrians occupying
a corner of the sidewalk adjacent the crosswalk and calcu-
lates a crossing confidence score based on locations and
actions of these pedestrians as a group.

For example, 1n this implementation, a group of pedes-
trians occupying the sidewalk adjacent the autonomous
vehicle may obscure the autonomous vehicle’s view of the
intersection (e.g., vehicles near and approaching the inter-
section, a traflic signal, etc.). The autonomous vehicle can
therefore calculate a crossing confidence score based on
whether these pedestrians remain on the sidewalk or enter
the crosswalk rather than (or with greater weight than) a
state of the intersection or vehicles near the intersection
detected 1n scan data recorded by the autonomous vehicle.
Theretfore, the autonomous vehicle can: detect a group of
pedestrians occupying the sidewalk adjacent the crosswalk
in Block S122; calculate a low confidence score (e.g.,
predict that the autonomous vehicle does not have right of
way to enter the intersection) 1 Block S130 while all or a
large proportion of the group remains on the sidewalk; and
calculate a high(er) confidence score (e.g., predict right of
way of the autonomous vehicle to enter the intersection) in
Block S140 1n response to detecting a subset of pedestri-
ans—exceeding a threshold proportion of the group of
pedestrians—entering the crosswalk together at approxi-
mately the same time. Similar to the implementation
described above, the autonomous vehicle can also monitor
an average speed ol the group moving into the crosswalk and
adjust the crossing confidence score as a function of the
detected speed of the group of pedestrians or a deviation of
the average speed of the group from a nominal pedestrian
walking speed. The autonomous vehicle can additionally or
alternatively adjust the crossing confidence score as a func-
tion of (e.g., proportional to) a size and/or a density of the
group ol pedestrians detected 1n the crosswalk.

In a similar example, 11 the autonomous vehicle 1denti-
fies—in the scan data—at least a threshold number of (e.g.,
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five) pedestrians waiting at a crosswalk adjacent the autono-
mous vehicle, the autonomous vehicle can calculate a low
confidence score for each scan cycle while these pedestrians
remain on the sidewalk and then calculate a higher confi-
dence score once these pedestrians begin to cross the cross-
walk. Furthermore, 1n this example, the autonomous vehicle
can calculate the crossing confidence score as a function of
a proportion of these pedestrians who enter the itersection
at substantially similar times, such as by: maintaining a low
crossing confidence score 11 only one or fewer than 30% of
the group of pedestrians move across the crosswalk together;
calculating a moderate crossing confidence score 1f between
30% and 70% of the group of pedestrians move across the
crosswalk together; and calculating a high crossing contfi-
dence score 1f more than 70% of the group of pedestrians
move across the crosswalk together.

Similarly, the autonomous vehicle can calculate the cross-
ing confidence score based on the absolute number of
pedestrians or a size of a group of pedestrians who cross the
intersection together. For example, 1f the autonomous
vehicle 1dentifies more than eight pedestrians crossing the
intersection together or a group of pedestrians spanning at
least half the width of the intersection crossing the intersec-
tion together—despite a right of way of the intersection or
a current rate of speed of road vehicles approaching the
intersection—the autonomous vehicle can determine that
these pedestrians have commanded the mtersection and
calculate a high crossing confidence score for the intersec-
tion accordingly (e.g., if the autonomous vehicle closely
tollows this group of pedestrians across the intersection).

Furthermore, 1n this and the foregoing implementations,
the autonomous vehicle can automatically follow close
behind or beside the single pedestrian or subset of pedes-
trians moving through the crosswalk to the opposing side-
walk 1n Block S170 11 the crossing confidence score exceeds
a preset threshold score, as described below. In particular, if
the crossing confidence score exceeds a threshold score, the
autonomous vehicle can follow (i.e., move with) the group
of pedestrians across the crosswalk to the opposite side of
the street. For example, if the autonomous vehicle 1dentifies
at least six pedestrians waiting at the crosswalk with the
autonomous vehicle and then determines that three of these
pedestrians have begun to walk across the crosswalk within
a three-second period, the autonomous vehicle can calculate
a crossing confidence score sufliciently high to trigger the
autonomous vehicle to follow these three pedestrians across
the street. The autonomous vehicle can then track velocities
of these three pedestrians moving across the crosswalk and
tollow these pedestrians accordingly, such as: by calculating
an average velocity vector of these three pedestrians and
navigating according to each subsequent velocity vector
between each scan cycle; following behind the fastest-
moving of these pedestrians; or following behind the pedes-
trian most centered within markers delineating the cross-
walk. As the autonomous vehicle approaches the far end of
the crosswalk, the autonomous vehicle can also deviate from
following these pedestrians and toward a waypoint defined
at a sidewalk ramp on the far end of the crosswalk, such as
if these pedestrians enter the far sidewalk from a curb.
Alternatively, 1n this example, when the autonomous vehicle
calculates a crossing confidence score that exceeds a thresh-
old score, the autonomous vehicle can navigate directly to
one or more preset waypoints along the crosswalk—such as
defined 1n the navigation map—between the near sidewalk
and the opposing sidewalk, such as at a preset speed or at a
speed corresponding to a maximum or average speed of the
pedestrians currently crossing the street.
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7.3 Cross-Street Pedestrian Tracking

The autonomous vehicle can implement similar methods
and techniques to identily and track pedestrians on an
opposing sidewalk at the intersection 1n Block S122 and to
adjust the crossing confidence score based on locations
and/or actions of these pedestrians. For example, the autono-
mous vehicle can: detect a pedestrian occupying the oppos-
ing sidewalk at a first time; calculate a low crossing contfi-
dence score in Block S130 while this pedestrian remains on
the opposing sidewalk; track the pedestrian’s entry into the
opposing end of the crosswalk at a subsequent time; and
calculate a high(er) crossing confidence score 1n Block S140
as this pedestrian moves across the crosswalk, such as i1 the
pedestrian moves through the crosswalk at a rate within a
range of common human walking speeds.

In this implementation, the autonomous vehicle can thus
implement methods and techniques described above to
adjust a crossing confidence score based on actions of a
pedestrian standing near an opposing end of the crosswalk
and a derived intent of this pedestrian to enter the same
crosswalk that the autonomous vehicle 1s preparing to cross.

The autonomous vehicle can also: implement similar
methods and techniques to detect and track pedestrians
standing near and then entering a second crosswalk perpen-
dicular to the crosswalk that the autonomous vehicle 1is
preparing to cross; and adjust the crossing confidence score
accordingly in Blocks S130 and S140. For example, the
autonomous vehicle can: 1dentily a second pedestrian occu-
pying a second crosswalk perpendicular to the crosswalk
(1.e., perpendicular to the autonomous vehicle’s assigned
navigation route); 1mplement methods and techniques
described above to characterize or quantily the second
pedestrian’s 1ntent to cross this second crosswalk. Thus, 1n
response to 1dentitying the second pedestrian occupying the
second crosswalk and predicting that the second pedestrian
intends to cross the second crosswalk in Block S122, the
autonomous vehicle can reduce the crossing confidence
score for entering the crosswalk given a low probability that
both the autonomous vehicle has the right of way to enter the
crosswalk and the second pedestrian has the right of way to
enter the second, perpendicular crosswalk.

Furthermore, 11 the autonomous vehicle calculates a high
crossing confldence score in Block S140 responsive to
detecting a pedestrian entering the crosswalk coinciding
with the autonomous vehicle’s assigned navigation route,
the autonomous vehicle can predict that the autonomous
vehicle has the right of way to enter the intersection.
However, 11 the autonomous vehicle detects a second pedes-
trian entering the second (perpendicular) crosswalk soon
thereafter, the autonomous vehicle can withdraw this pre-
diction of the autonomous vehicle’s right of to enter the
intersection or otherwise reduce the calculated crossing
confidence score. Responsive to dissonance between actions
of these pedestrians, the autonomous vehicle can also trans-
mit a query to a remote operator portal for manual confir-
mation to enter the intersection in Block S160, as described
below.

7.3 Road Vehicle Tracking

As shown 1n FIGS. 1, 2, and 3, one variation of the
method S100 turther includes detecting a vehicle approach-
ing the intersection in optical data recorded over a first
period of time 1n Block S124. In this vanation, the autono-
mous vehicle can calculate a crossing confidence score as an
inverse function of a velocity of this vehicle in Block S130.
In this variation, the method S100 can also include detecting
the vehicle slowing toward the crosswalk in optical data
recorded over a subsequent period of time 1 Block S124;
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and the autonomous vehicle can thus calculate a higher
crossing confldence score as a function of the vehicle
slowing toward the crosswalk 1n Block 140.

Generally, 1n this vanation, the autonomous vehicle can
calculate a crossing confidence score based on states of
vehicles detected at and approaching the intersection, such
as 1n combination with states of pedestrians detected near
the intersection or in replacement of a pedestrian-based
crossing confidence score when the autonomous vehicle
detects an insuilicient number of pedestrians at the intersec-
tion.

For example, the autonomous vehicle can implement
computer vision techniques to identily other wvehicles
approaching the intersection perpendicular to the crosswalk
(e.g., on the left lateral and right lateral sides of the vehicle).
The computing device can then: compare positions of these
vehicles, 1n consecutive scan data to calculate a velocity
(1.e., speed and direction) of each vehicle approaching the
intersection; confirm that each road vehicle 1s slowing upon
approach to the intersection; estimate a distance from each
road vehicle to the crosswalk; and then calculate a confi-
dence score that each road vehicle will come to a stop prior
to reaching the crosswalk based on the road vehicle’s rate of
deceleration and the remaiming distance between the inter-
section and road vehicle. The autonomous vehicle can then
calculate or adjust the crossing confidence score 1 Blocks
S130 and S140 accordingly.

The autonomous vehicle can also track both pedestrians
standing near the intersection and road vehicles approaching
the intersection and generate a crossing confidence score for
navigating across the crosswalk based on the presence of
approaching road vehicles, the speed of these road vehicles,
and motions of these pedestrians. For example, the autono-
mous vehicle can: default to tracking pedestrians standing at
the mtersection near the autonomous vehicle; 1dentity and
track approaching road vehicles once the pedestrian(s)
moves 1nto the mntersection, since movement of these pedes-
trians may improve the autonomous vehicle’s view of the
road vehicles near the intersection; and then calculate a
crossing confidence score as a function of motion charac-
teristics of the pedestrians moving into the intersection and
states of other road vehicles stopped at or slowing toward the
crosswalk (e.g., inversely proportional to speeds of vehicles
approaching the intersection perpendicular to crosswalk) 1n
Block S140. The autonomous vehicle can then automatically
tollow the pedestrians across the intersection in Block S170
or query a remote operator portal for manual confirmation to
enter the crosswalk 1n Block S160 11 the crossing confidence
score exceeds the threshold score.

7.5 Autonomous Vehicle Intent

In one variation shown 1n FIG. 1, the autonomous vehicle
can actively communicate its intent to cross the intersection
to approaching road vehicles (and pedestrians and bicyclists
nearby) while occupying a sidewalk and facing the cross-
walk. In one implementation, to communicate 1ts intent to
navigate across the crosswalk, the autonomous vehicle can
move forward off of the sidewalk and onto the road surface
adjacent the crosswalk, while remaining some distance from
a nearest lane marker demarcating a road surface designated
for road vehicles.

For example, the autonomous vehicle can calculate a
target intent position representing a maximum distance that
the autonomous vehicle may move from the sidewalk into
the crosswalk while limiting risk of impact with a road
vehicle entering the intersection, such as based on a speed of
a road vehicle approaching on the same side of the road
currently occupied by the autonomous vehicle, a current
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distance from this road vehicle to the intersection, and/or a
current speed or rate of deceleration of the road vehicle. In
this example, 11 the approaching road vehicle 1s moving at a
relatively slow speed, 1s at a significant distance (e.g., more
than 100 meters) from the crosswalk, and/or 1s slowing
down, the autonomous vehicle can: calculate a target intent
position that places the autonomous vehicle 1n the crosswalk
thirty centimeters past the nearest lane demarcating the road
surface; navigate to this target intent position 1 order to
visually indicate to the approaching road vehicle the autono-
mous vehicle’s intent to enter the crosswalk; and calculate a
high crossing confidence score in Block S140 if the
approaching road vehicle begins or continues to decelerate
at a rate suitable to avoid collision with the autonomous
vehicle. However, 1f the autonomous vehicle fails to detect
suitable deceleration of the road vehicle, the autonomous
vehicle can calculate a low crossing confidence score and
automatically navigate back onto the adjacent sidewalk 1n
order to avoid collision with the road vehicle as the road
vehicle passes the crosswalk. Similarly, if the approaching
road vehicle 1s moving at a relatively high speed and/or 1s a
short distance (e.g., less than twenty-five meters) from the
crosswalk vehicle, the autonomous vehicle can maintain a
low crossing confidence score and remain on the sidewalk
until this road vehicle passes the crosswalk.

In the foregoing example, the autonomous vehicle can
identify and track a cyclist approaching the intersection
perpendicular to the crosswalk and avoid entering the inter-
section to indicate its intent to cross the intersection until the
cyclist has passed the crosswalk.

In this vanation, the autonomous vehicle can additionally
or alternatively oscillate along 1ts anteroposterior axis (1.e.,
“back and forth™) or about 1ts yaw axis 1 Block S114 1n
order to visually communicate its intent to cross the inter-
section to road vehicles, cyclists, and/or pedestrians, etc.
near or approaching the intersection. For example, the
autonomous vehicle can oscillate along 1ts anteroposterior
axis at a frequency of 0.5 Hz over an amplitude of ten
centimeters while on the sidewalk facing the crosswalk,
while on a sidewalk ramp facing the crosswalk, or once the
autonomous vehicle has moved onto the road surface to
indicate 1ts intent, as described above, in Block S114. In this
example, the autonomous vehicle can also track approaching
vehicles and oscillate at amplitudes: proportional to the
distance between the autonomous vehicle and an approach-
ing road vehicle; or proportional to a speed of the approach-
ing road vehicle.

As described above, the autonomous vehicle can 1mple-
ment computer vision techniques to track approaching road
vehicles and to confirm that these approaching road vehicles
are responding to the autonomous vehicle communicating 1ts
intent to cross the intersection by slowing down. For
example, 11 the autonomous vehicle determines that an
approaching road vehicle 1s not slowing down despite
advancement onto the road surface or despite oscillation of
the autonomous vehicle, the autonomous vehicle can cease
oscillating, reverse back onto the adjacent sidewalk, and
calculate a low crossing confidence score in Block S130.
Once the road vehicle has passed the intersection, the
autonomous vehicle can repeat the foregoing methods and
techniques to track road vehicles and pedestrians at or
approaching the intersection in Blocks S122 and 5124, to
communicate 1ts intent to cross the intersection, and to
calculate crossing confidence scores based on locations and
actions of these pedestrian and road vehicles 1n Blocks S130

and S140.
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8. Stop-Controlled Intersections

In another variation, the autonomous vehicle calculates a
crossing confidence score for a stop-controlled intersection
occupied by the autonomous vehicle. In this variation, the
autonomous vehicle can implement methods and techniques
described above to calculate a crossing confidence score for
a stop-controlled intersection but begin with a higher base-
line confidence score or implement a lower threshold score
for the stop-controlled intersection responsive to a higher
likelithood that a driver of a road vehicle will stop at the
intersection (e.g., compared to a yield sign or crosswalk sign
that a driver may be more likely to 1gnore or less likely to
see, understand, and heed while driving).

In this variation, the autonomous vehicle can implement
computer vision techniques to i1dentily stop signs—{facing
road vehicles approaching the crosswalk—in scan data
collected by the autonomous vehicle and then calculate a
crossing confidence score accordingly in Block S130. Alter-
natively, the autonomous vehicle can determine that the
intersection 1s a stop-controlled intersection from an inter-
section type label associated with the intersection in the
navigation map, as described above.

However, the autonomous vehicle can implement any
other methods and techniques described above and below to
calculate a crossing confidence score for a stop-controlled
intersection, to communicate its intent to cross a stop-
controlled 1ntersection, and to cross a stop-controlled inter-
section when a crossing confidence score exceeds a thresh-
old score.

9. Signal-Controlled Intersections

In another variation shown in FIG. 2, the autonomous
vehicle calculates a crossing confidence score for a signal-
controlled intersection, such as including automated pedes-
trian right-of-way signage. In this variation, the autonomous
vehicle can implement methods and techniques described
above to track road vehicles and pedestrians occupying and
approaching the intersection. The autonomous vehicle can
also: 1dentify lighted traflic signals 1n scan data collected by
the autonomous vehicle when located near the intersection;
extract right of way iformation from these lighted traflic
signals 1n Block S128; and then calculate crossing confi-
dence scores, such as a weighted function of the right of way
information extracted from states of the lighted traflic sig-
nals, velocities of road vehicles near and approaching the
intersection, and/or locations and actions of pedestrians near

the intersection, etc. 1n Blocks S130 and S140, as shown in
FIG. 3.

9.1 Lighted Signal Detection

In one implementation, the autonomous vehicle 1mple-
ments template matching, object recognition, edge detec-
tion, and/or other computer vision techniques to detect a
traflic light and/or a crosswalk signal in scan data collected
by the autonomous vehicle. The autonomous vehicle can
then: match color intensities (e.g., in the red, green, and blue
spectrums) 1n a region of scan data corresponding to a traflic
signal to one of a “stop,” “yield,” and “go” action signal; and
then predict future motion of vehicles facing the traflic
signal based on the current action signal. The autonomous
vehicle can additionally or alternatively implement optical
character recognition to read “walk,” “don’t walk,” and
cross time rendered by the crosswalk signal from scan data
to determine a current state of the crosswalk. The computer
system can then calculate a higher crossing confidence score
for the intersection 1f the trathic signal aligned with the
crosswalk shows “green” and/or 1t the crosswalk signal
shows “walk™ with a timer reading an amount of time
suilicient for the autonomous vehicle to navigate across the
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crosswalk. The autonomous vehicle can also calculate an
clevated crossing confidence score in response to detecting
pedestrians moving across the same crosswalk and/or detect-
ing road vehicles stopped on each side of the crosswalk.

(In the foregoing implementation, the autonomous vehicle
can also reference a navigation map containing a represen-
tation of the mtersection to confirm the real positions of each
traflic signal and crosswalk signal i1dentified 1n scan data
recorded 1 Block S120. The autonomous vehicle can also
label the navigation map with the identified states of traflic
signals and crosswalk signals at the intersection, which a
remote computer system can confirm based on similar data
received from other autonomous vehicles at the intersection
or based on a master traflic signal map. The computer system
can also compile such current, labeled navigation maps
received from multiple autonomous vehicles, which the
autonomous vehicle can leverage to improve confidence that
the determined right of way at the intersection 1s correct.)

In the foregoing implementation, the autonomous vehicle
can implement computer vision techniques to analyze scan
data for the lighted trailic signal and/or lighted crosswalk
signal. Alternatively, the autonomous vehicle can: retrieve a
geospatially-referenced signal mask previously generated
for the mtersection; determine a position and orientation of
the autonomous vehicle relative to a real or virtual reference
feature (e.g., a reference object at the intersection, a geo-
spatial reference coordinate) at a time the last scan data was
recorded; project the signal mask onto the scan data based on
the position and orientation of the autonomous vehicle at the
time the scan data was recorded; and implement computer
vision techniques to extract trathic signal and/or crosswalk
signal data from a region of the scan data bounded by the
signal mask. The autonomous vehicle can thus extract right
of way data from select regions of the scan data based on a
known position and orientation of the autonomous vehicle
relative to the intersection, thereby reducing a total amount
of time and/or processing load necessary to transform a scan
data into traflic signal-based right of way value.

The autonomous vehicle can then calculate a crossing
confidence score based on a right of way determined from
one or both of a traflic signal and/or a crosswalk signal.
Furthermore, in this implementation, the autonomous
vehicle can prompt a human operator to assume control of
the autonomous vehicle or to make a cross decision 1f the
autonomous vehicle identifies a mismatch between a state of
the trathic signal and a state of the crosswalk signal.

In this implementation, the autonomous vehicle can also
determine a length of time remaining for the autonomous
vehicle to cross the street, such as by extracting this time
directly from the crosswalk counter or by tracking times of
signal changes at the intersection. Once the autonomous
vehicle determines that it has right of way to cross the
intersection, the autonomous vehicle can predict a duration
of time needed to cross the street, such as based on a typical
or preset speed of the autonomous vehicle, an amount of
pedestrian traflic at each end of the crosswalk, and minimum
or average speed of pedestrians moving toward and away
from the autonomous vehicle along the crosswalk, etc. The
computer system can then calculate a higher crossing con-
fidence score for the intersection if the crosswalk timer
adjacent the crosswalk signal reads an amount greater than
(or within two seconds of) the calculated time necessary for
the autonomous vehicle to navigate across the crosswalk.

The autonomous vehicle can repeat these methods and
techniques with each sampling period (e.g., for each scan
data collected by the autonomous vehicle at a frame rate of
10 Hz) to: calculate a crossing confidence score; to wait or
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to navigate across the street based on a comparison between
the crossing confidence score and a threshold score; and/or
to selectively involve a human operator to enter a navigation
decision for the autonomous vehicle.

Furthermore, 1n this variation, 1f the autonomous vehicle
determines that 1ts view of a traflic signal (e.g., at a georel-
erenced location indicated 1n the navigation map) 1is
obscured, such as by a pedestrian or road vehicle near the
intersection, the autonomous vehicle can decrement a
weight assigned to a tratlic signal state and increment a
welght assigned to pedestrian actions 1n a function 1mple-
mented by the autonomous vehicle to calculate the crossing,
confldence score. For example, the autonomous vehicle can
implement the foregoing methods and techniques to: deter-
mine that the intersection 1s populated with a lighted tratlic
signal based on a traflic signal label associated with the
intersection 1n the navigation map; and scan the optical data
for the lighted trathic signal to determine right of way at the
intersection. In response to detecting obstruction of the
lighted trathic signal 1n the field of view of optical sensors 1n
the autonomous vehicle, the autonomous vehicle can: scan
these optical data for pedestrians proximal a known location
of the crosswalk, such as indicated 1n the navigation map:;
predict lack of right of way of the autonomous vehicle to
enter the intersection (e.g., a low crossing confidence score)
in Block S130 based on presence of the pedestrian on the
sidewalk adjacent the crosswalk; and then predict possession
of nght of way of the autonomous vehicle to enter the
intersection (e.g., a high crossing confidence score) 1n Block
S140 based on presence of the pedestrian 1n the crosswalk at
a later time, as described above.

9.2 Nearby Intersections

The autonomous vehicle can also mmplement similar
methods and techniques to: 1dentity lighted traflic signals at
other intersections further to the leit, to the nght, ahead of,
and/or behind the autonomous vehicle 1n scan data; to
estimate a state of these other intersections based on states
of these other lighted traffic signals; and to calculate a
corresponding crossing confidence score for the itersection
currently occupied by the autonomous vehicle based on the
states of these other nearby intersections. For example, the
autonomous vehicle can: implement methods and tech-
niques described above to extract right of way information
for these nearby intersections from scan data; identily
vehicles between the intersection currently occupied by the
autonomous vehicle and these nearby intersections; and
calculate a crossing confidence score that 1s mversely pro-
portional to a number of road vehicles moving through these
nearby intersections and toward the intersection occupied by
the autonomous vehicle.

10. Future Intersection State Prediction

In one variation, the autonomous vehicle implements an
intersection model to predict a future state of the intersection
currently occupied by the autonomous vehicle. Generally, 1n
this variation, the autonomous vehicle can implement com-
puter vision techniques, such as described above, to extract
various lfeatures from scan data, and then: passes these
features 1nto an intersection model to predict a future state
of the intersection (e.g., at a next scan cycle); and confirms
the validity of the model for the mtersection occupied by the
autonomous vehicle based on a degree to which the pre-
dicted future state and the actual subsequent state of the
intersection match. If the model 1s sufliciently valid, the
autonomous vehicle then passes new features into the model
to predict a future state of the intersection and calculates a
crossing confidence score for crossing the intersection
accordingly.
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In this variation, the autonomous vehicle can implement:
a general intersection model; an intersection model unique
to the intersection type (e.g., two-way uncontrolled inter-
section model, four-way signal-controlled intersection
model) occupied by the autonomous vehicle; an intersection
model umique to the intersection type and corresponding to
a particular range of road vehicles and/or pedestrians also
occupying the itersection; or an intersection model unique
to the specific intersection occupied by the autonomous
vehicle (e.g., generated by a remote computer system based
on data collected by other autonomous vehicles that passed
through the intersection previously); etc. For example, the
autonomous vehicle can retrieve an intersection model—
from an intersection model database—most relevant to the
intersection currently occupied by the autonomous vehicle,
such as based on an intersection model pointer associated
with the imtersection 1n the navigation map.

At a first time, the autonomous vehicle can: generate a
first scan from data output by various sensors integrated into
the autonomous vehicle; and then pass features extracted
from the first scan 1nto the intersection model to predict a
state of the intersection at a second, future time (e.g., one
second later). For example, the autonomous vehicle can
extract various features from the first scan, including: loca-
tion, orientation, velocity, and size of road vehicles at and
approaching the intersection; a length of a crosswalk or
width of a street at the intersection; a number of pedestrians
and their positions and orientations near the crosswalk;
states of tratlic and crosswalk signals at the intersection; efc.
and then pass these quantitative values representative of
these features into the intersection model. At the second
time, the autonomous vehicle can: generate a second scan
from data output by various sensors integrated into the
autonomous vehicle at approximately the second time; cal-
culate a confidence score for the intersection model based on
a degree of similarity between the predicted state of the
intersection at the second time and the second scan. For
example, the autonomous vehicle can calculate a confidence
score for the intersection model as a function of the degree
to which predicted positions of vehicles, pedestrians, and
other (moving) objects represented 1n the predicted state of
the intersection align with the real positions of these
vehicles, pedestrians, and other objects represented 1n the
scan data collected at the second time. In particular, the
autonomous vehicle can calculate a confidence score for the
intersection model as an inverse function of divergence
between the predicted state of the intersection (e.g., at a
future scan cycle) and the actual future state (e.g., at the
future scan cycle).

If the confidence score for the intersection model exceeds
a threshold score, the autonomous vehicle can then: 1mple-
ment similar methods and techniques to predict a state of the
intersection at a third time further in the future; and 1mple-
ment methods and techniques described above to calculate a
crossing confidence score for the intersection based on the
predicted future state of the intersection (and based on a
diflerence between the current state of the intersection, the
predicted future state of the intersection, and a duration of
time therebetween). Thus, if the autonomous vehicle calcu-
lates a crossing confidence score—ior the predicted future
state of the intersection—that exceeds the threshold score,
the autonomous vehicle can begin navigating across the
intersection at a preferred time determined from the pre-
dicted future state of the intersection. However, 1f the
autonomous vehicle calculates a cross confidence score that
1S less than the threshold score, the autonomous vehicle can
delay crossing the intersection and instead repeat the fore-
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going methods and techniques to retest the validity of the
intersection model and to recalculate a crossing confidence
score for the intersection.

However, 1f the confidence score for the intersection
model 1s less than a threshold score, the autonomous vehicle
can prompt a human operator to enter a crossing decision or
to take remote control of the autonomous vehicle, as
described below. Alternatively, the autonomous vehicle can
repeat this process to predict a state of the intersection
turther into the future, can 1implement methods and tech-
niques described above to calculate a crossing confidence
score for the intersection accordingly, can fuse the crossing
confidence score and the confidence score for the intersec-
tion model 1nto a composite crossing confidence score, and
then navigate across the intersection if the composite cross-
ing confidence score exceeds a threshold score.

10.1 Other Trniggers

In the foregoing variation, the autonomous vehicle can
execute these methods and techniques to predict the autono-
mous vehicle’s right of way to enter the crosswalk at a future
time with mimimal risk of collision with a road vehicle
without relying on traflic signage or a traflic signal to hold
the crossing for the autonomous vehicle.

For example, the autonomous vehicle can execute meth-
ods and techniques described above to i1dentify traflic sig-
nage, to extract right of way information from such tratlic
signage, to track vehicles and pedestrians entering and
leaving the intersection, etc. and to transiorm these features
into a crossing confidence score. However, 1I a threshold
duration of time has passed (e.g., 90 seconds) but the
autonomous vehicle has not yet calculated a crossing con-
fidence score that exceeds a preset threshold score, the
autonomous vehicle can transition to: confirming validity of
an intersection model; predicting a future state of the inter-
section; and calculating a crossing confidence score for the
intersection based on alignment between the predicted and
actual future states of the intersection. "

The autonomous
vehicle can then cross the street in Block S170 (or query a
remote operator portal for confirmation to cross the street)
when this alternate crossing confidence score exceeds a
threshold score and regardless of the states of traflic and
crosswalk signals at the intersection or motion of other
pedestrians nearby.

Alternatively, the autonomous vehicle can execute the
foregoing methods in parallel, including: calculating a first
crossing confidence score based on right of way determined
from states of trathc and crosswalk signals, presence and
velocities of road vehicles, and pedestrian locations and
actions; and calculating a second crossing confidence score
based on predicted future states of the itersection output by
the intersection model, adjusted for alignment between
predicted and actual future states of the intersection. The
autonomous vehicle can then cross the street 1n Block S170
(or query a remote operator portal for confirmation to cross
the street) when one or both of the first and second crossing,
confildence scores exceeds the threshold score; or the
autonomous vehicle can merge the first and second crossing
confidence scores 1nto a single composite confidence score.
11. Autonomous Actions

In one vanation, the method S100 includes autonomously
navigating from the sidewalk into the crosswalk and autono-
mously navigating along the crosswalk to an opposing
sidewalk according to the navigation route in Block S170 1n
response to predicting the right of the autonomous vehicle to
enter the intersection, as shown in FIGS. 1 and 3. In this
variation, the autonomous vehicle can regularly implement
the foregoing methods and techniques to record new scan
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data, to transform features detected in these scan data in
crossing confidence scores, and to compare these crossing
confidence scores to a preset threshold (or to preset low and
high threshold scores), such as at a rate of 10 Hz. For
example, the autonomous vehicle can implement a generic
threshold score or an intersection-specific threshold score,
such as assigned to the intersection 1n the navigation map. If
the autonomous vehicle 1s currently stopped on the sidewalk
and the last calculated crossing confidence score (or pre-
ceding contiguous sequence of crossing confidence scores)
exceeds the threshold score, the autonomous vehicle can
automatically resume navigation across the intersection.

Similarly, the autonomous vehicle can execute the forgo-
ing methods while slowing upon approach to the intersection
and then accelerate back to a target speed and resume
navigation through the crosswalk 1f the last calculated
crossing confidence score (or preceding contiguous
sequence of crossing confidence scores) exceeds the thresh-
old score. For example, the autonomous vehicle can: autono-
mously navigate toward and slow upon approach to a region
of the sidewalk adjacent the crosswalk 1n Block S110; and
autonomously navigate continuously from the sidewalk into
the crosswalk 1n Block S170 1n response to detecting the
pedestrian entering the crosswalk and predicting right of the
autonomous vehicle to enter the intersection accordingly 1n
Block S140 prior to arrival of the autonomous vehicle at the
region of the sidewalk.

In one implementation, the autonomous vehicle can navi-
gate through a sequence of preset waypoints geospatially
referenced along the crosswalk, such as including: a first
waypoint defined—in the navigation map—at a ramp from
the sidewalk occupied by the autonomous vehicle onto the
road surface; a second waypoint defined at a pedestrian via
a median; and a third waypoint defined at a ramp from the
road surface onto the opposing sidewalk.

Alternatively, the autonomous vehicle can: 1dentily fea-
tures within a current scan, such as sidewalk ramps, pedes-
trians, and road tape outlining the crosswalk; and dynami-
cally define waypoints along the crosswalk and sidewalk
ramps based on these features. For example, upon resuming
autonomous navigation in Block S170, the autonomous
vehicle can: navigate from the sidewalk 1nto the crosswalk
via a near ramp; autonomously follow within a threshold
distance of a pedestrian as the pedestrian moves through the
crosswalk; veer from behind the pedestrian to a far ramp
between the crosswalk and the opposing sidewalk; and
autonomously navigate up the far ramp onto the opposing
sidewalk.

In the {foregoing implementations, the autonomous
vehicle navigates through the sequence of waypoints at a
preset, standard speed corresponding to a human walking
speed (e.g., 5 kilometers per hour). Alternatively, the autono-
mous vehicle can track the speed of pedestrians moving
across the crosswalk near the autonomous vehicle and can
navigate through the sequence of waypoints at an average or
median speed of these pedestrians. The autonomous vehicle
can also implement the forgoing methods and techniques to
continue to track right of way at the intersection, a crosswalk
timer, etc. and can increase 1ts speed 11 determined necessary
to reach the opposing sidewalk before the crosswalk timer
expires. Similarly, the autonomous vehicle can continue to
predict future states of the intersection and increase its speed
across the crosswalk 1n order to reach the opposing sidewalk
sooner 1i the intersection model predicts increased likeli-
hood of collision with a road vehicle while the autonomous
vehicle 1s within the intersection.
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12. Remote Operator Assistance

Another variation of the method S100 shown 1n FIG. 2
includes, 1n response to the second confidence score exceed-
ing a first threshold score: transmitting a query to a remote
operator portal to confirm entry of the autonomous vehicle
into the crosswalk 1n Block S160; transmitting a portion of
the scan data to the remote operator portal 1n Block S162;
holding at the sidewalk adjacent the crosswalk 1n Block
S110; and then autonomously navigating from the sidewalk
into the crosswalk and autonomously navigating along the
crosswalk to an opposing sidewalk according to the navi-
gation route 1 Block S170 1n response to confirmation to
enter the crosswalk from the remote operator portal. In this
variation, 1f the autonomous vehicle calculates a crossing
confidence score (or a sequence ol crossing confidence
scores) that exceeds the threshold score, the autonomous
vehicle can transmit a request to the remote computer
system for assistance, and the remote computer system can
automatically connect the autonomous vehicle to a remote
human operator at a remote operator portal. The autonomous
vehicle can also stream various sensor data (e.g., color video
data) to the remote operator portal 1n Block S162 to enable
the remote human operator to view the scene around the
autonomous vehicle and to confirm whether the autonomous
vehicle has right of way to enter the intersection. Upon
receipt of confirmation from the remote human operator to
enter the intersection, the autonomous vehicle can then
resume navigation in Block 170.

In particular, the autonomous vehicle can: approach an
intersection; stop at the itersection; collect and analyze data
from the scene around the intersection while stopped; query
the remote human operator for assistance once certain
conditions are met based on features extracted from these
data; and then resume motion upon receipt of confirmation
from the remote human operator. Alternatively, the autono-
mous vehicle can: collect and analyze data from a scene
nearby in real-time as the autonomous vehicle approaches
the intersection; query the remote human operator for assis-
tance 1f the autonomous vehicle determines that certain
conditions are met as the autonomous vehicle continues to
move toward the intersection; and continue motion from the
sidewalk, into the crosswalk or street, and across the inter-
section upon receipt of confirmation from the remote human
operator while the autonomous vehicle remains 1n motion.

Theretfore, 1n this variation, the autonomous vehicle can
autonomously navigate from the sidewalk 1nto the crosswalk
in response to both the confidence score exceeding the
threshold score and upon receipt of confirmation entered
manually by a remote human operator at the remote operator
portal. Alternatively, upon transmitting a query to the remote
operator portal for manual assistance 1in Block S160, the
autonomous vehicle can cede control to the remote human
operator via the remote operator portal. The remote human
operator can then manually guide the autonomous vehicle
through the crosswalk and then return autonomous control to
the autonomous vehicle, such as once the autonomous
vehicle reaches the opposing sidewalk.

Alternatively, the autonomous vehicle can 1mplement
both of the foregoing methods, such as by: automatically
resuming autonomous navigation 1if the last crossing confi-
dence score (or preceding sequence of crossing confidence
scores) exceeds a high threshold confidence; and automati-
cally transmitting a query to the remote operator portal for
manual assistance if the last crossing confidence score (or
preceding sequence of crossing confidence scores) falls
between a low threshold score and the high threshold
confidence, as shown in FIG. 3. In particular, the autono-
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mous vehicle can transmit the query to the remote operator
portal in Block S160 in response to calculating a crossing
confidence score that exceeds a low threshold score and that
1s exceeded by a high threshold score. However, 1f the
crossing confidence score exceeds both the low threshold
score and the high threshold score, the autonomous vehicle
can: withhold the query to the remote operator portal;
autonomously navigate from the sidewalk into the cross-
walk; and autonomously navigate along the crosswalk to the
opposing sidewalk according to the navigation route 1n
Block S170.

12.1 Serving Visual Data to the Remote Human Operator

In this vanation, following a decision to involve the
remote human operator, the autonomous vehicle can upload
sensor data to the remote human operator to aid the remote
human operator 1n reaching a decision for the autonomous
vehicle. For example, the autonomous vehicle can upload a
feed of video and/or LIDAR scans to a remote computer
system, which can serve these optical data to the remote
human operator through an operator portal in (near) real-
time. Alternatively, the autonomous vehicle can upload
video feeds from all or a subset of color cameras integrated
into the autonomous vehicle to the remote computer system
for distribution to the operator portal.

Yet alternatively, the autonomous vehicle can filter these
sensor data and upload a limited amount of sensor data
necessary for the remote human operator to rapidly enter an
accurate decision for the autonomous vehicle. In particular,
the autonomous vehicle can upload select data to the remote
computer system for distribution to the operator portal 1n
order to reduce bandwidth requirements, thereby reducing
latency, 1n order to enable more rapid decisions by the
remote human operator and to reduce costs for uploading
data from the autonomous vehicle to the remote computer
system over a wireless network.

In one implementation shown in FIG. 3, the autonomous
vehicle crops frames within a video feed output by a color
camera within the autonomous vehicle to one or more
smaller visual regions containing data of greater value 1n
generating a decision for the autonomous vehicle and then
uploads this cropped region(s) to the remote computer
system. For example, the autonomous vehicle can: extract a
first rectangular subregion from each frame output by the
autonomous vehicle’s left-lateral camera and corresponding
to a section of road extending from the leit side of the
autonomous vehicle to 50 meters from the left side of the
autonomous vehicle; extract a second rectangular subregion
from each frame output by the right-lateral camera and
corresponding to a section of road extending from the
autonomous vehicle’s right side of the autonomous vehicle
to 50 meters from the right side of the autonomous vehicle;
extract a third rectangular subregion from each frame output
by the autonomous vehicle’s forward-facing camera and
corresponding to the opposing sidewalk and a crosswalk
signal ahead of the autonomous vehicle; and serve these
relatively narrow frame regions of these video feeds to the
remote computer system (e.g., over a cellular network) for
distribution to the operator portal in near real-time.

In another example, the autonomous vehicle selectively
reduces the resolution of areas of each frame output by the
left-lateral, rnght-lateral, and forward-facing cameras outside
of these first, second, and third regions before uploading
these selectively-compressed video feeds to the remote
computer system. The autonomous vehicle can thus upload
video feeds that maintain: higher resolution over regions
containing visual information of greater value to the remote
human operator in reaching a decision for the autonomous
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vehicle; and lower resolution elsewhere, thereby enabling
the remote human operator viewing these video feeds to
view specific areas of interest at higher resolution and to
view these areas of interest in the context of surfaces nearby
shown at lower resolutions.

In this implementation, the autonomous vehicle can serve
predefined regions of frames in these video feeds to the
remote human operator. For example, these predefined
regions can be unique to the remote human operator, such as
based on visual regions requested previously by the remote
human operator when assisting autonomous vehicles
attempting to enter the same intersection. Alternatively,
these predefined regions can be specific to the itersection or
to a type of mtersection occupied by the autonomous
vehicle, such as assigned by the remote computer system or
defined in the navigation map. For example, the remote
computer system can calculate these predefined regions
based on sections of image data requested or selected
previously by the same or other remote human operators
prompted to enter decisions for the same or similar autono-
mous vehicles attempting to cross the same intersection. The
autonomous vehicle can then implement methods and tech-
niques described above to project a geospatially-referenced
crop region onto a video feed based on the real location and
orientation of the autonomous vehicle relative to a geospa-
tial reference point.

In a similar example, the autonomous vehicle can record
a color video feed of the scene proximal the autonomous
vehicle via a color camera integrated into the autonomous
vehicle in Block S110. Upon transmitting a query for manual
assistance to the remote operator portal in Block 5160, the
autonomous vehicle can also: query a navigation map for a
georelerenced area of interest associated with the intersec-
tion (e.g., one or more georelerenced areas ol interest
including a traflic signal, pedestrian signal, the crosswalk,
and oncoming traflic lanes bisecting the crosswalk); crop
frames 1n the color video feed around the georeferenced
region of interest; and transmit these cropped frames in the
color video feed to the remote computer system, via wireless
communication protocol, for distribution to the remote
operator portal. The remote computer system can then serve
these cropped frames and autonomous navigation confirma-
tion controls to a remote operator portal assigned to the
autonomous vehicle.

Yet alternatively, the autonomous vehicle can serve com-
pressed (e.g., low-resolution) video feeds to the operator
portal, and the remote human operator can drag a window of
these video feeds to select relevant areas of these video
feeds. The remote computer system can serve definitions
(e.g., geometries, positions) of these windows back to the
autonomous vehicle; and the autonomous vehicle can map
these windows onto their respective video feeds and selec-
tively decrease the resolution of regions of these video feeds
outside of these windows before serving next frames 1n these
video feeds to the operator portal. Similarly, the autonomous
vehicle can crop regions of these video feeds outside of these
windows and upload only these cropped regions of frames in
these video feeds to the remote computer system for distri-
bution back to the operator portal.

In the foregoing variation, the remote computer system
can: store the remote human operator’s selection of a region
ol interest in a video feed received from the autonomous
vehicle; and can later apply this selection to future instances
in which the same or other remote human operator is
requested to enter a decision for the same or similar autono-
mous vehicle occupying the same or similar intersection.
For example, the remote computer system can merge (e.g.,
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average) the remote human operator’s window selection
with other window selections entered by the same or other
operators for autonomous vehicles occupying the same
intersection to calculate a composite window defining a
composite region of interest within a video feed recorded by
cameras arranged 1n a particular location on or across a fleet
of similar autonomous vehicles. In this example, upon
entering the same or similar intersection, an autonomous
vehicle within this fleet can: retrieve a position and geom-
etry of this composite window from the computer system,
such as based on a pointer to this composite window stored
in the navigation map; project the composite window onto a
video feed from a camera in the particular location on the
autonomous vehicle based on the real position and orienta-
tion of the autonomous vehicle relative to a geospatial
reference coordinate or to a real reference feature at the
intersection; and then automatically serve a region of the
video feed bounded by this composite window to the remote
human operator exclusive of other regions of this video feed.
Once the composite window 1s thus defined by the remote
computer system from window selections entered by remote
human operators assisting autonomous vehicles attempting
to enter this intersection over time, the autonomous vehicle
can serve visual content from the same window to a remote
human operator—as needed to enable the human operator to
elect a suitable a crossing decision—in Block S162 despite
variations in the real location and orientation of the autono-
mous vehicle each time the autonomous vehicle approaches
the intersection, such as when the autonomous vehicle
navigates to a unique location facing the same intersection
in order to avoid a pedestrian or 1n order to avoid an obstacle
obscuring the autonomous vehicle’s view features within the
intersection.

12.2 Remote Human Operator Decisions

Upon receipt of a request for manual assistance and scan
data, select video feeds, and/or other data from the autono-
mous vehicle, a remote human operator can assume some
level of control of the autonomous vehicle. In one 1mple-
mentation, the remote human operator can enter—through
the operator portal—binary control to trigger the autono-
mous vehicle to either enter the intersection or to remain at
the sidewalk. For example, upon reviewing scan data
received from the autonomous vehicle at the remote operator
portal and determining that the autonomous vehicle has right
of way or that the intersection 1s suitable to cross, the remote
human operator can select a single “go” or “confirm” button
within the operator portal. The computer system can then
return this mput to the autonomous vehicle to trigger the
autonomous vehicle to begin a crossing routine to autono-
mously navigate through the crosswalk, such as by navigat-
ing through a sequence of waypoints or by following behind
a pedestrian, as described above.

In the foregoing implementation, the remote human
operator can also select, circle, or draw windows around
obstacles—such as potholes or road vehicles shown 1n scan
data recerved from the autonomous vehicle—along the
crosswalk, and the remote computer system or the autono-
mous vehicle can modify a path between the autonomous
vehicle’s current position and the opposing sidewalk based
on obstacles thus identified by the remote human operator.
Alternatively, the remote human operator can draw a cursor
along a video feed received from this autonomous vehicle
and rendered within the operator portal, and the remote
computer system or the autonomous vehicle can transform
this cursor path into a local navigation path—such as 1n the
form of a sequence of waypoints—between the autonomous
vehicle’s current location and the opposing sidewalk. The
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autonomous vehicle can then autonomously traverse these
waypoints, as described above, following receipt of confir-
mation to cross the street from the remote human operator.

However, 1f the remote human operator determines from
scan data recerved from the autonomous vehicle that the
autonomous vehicle does not have right of way, that navi-
gation of the autonomous vehicle through the crosswalk
poses undue risk to the autonomous vehicle, or otherwise
determines that the autonomous vehicle should not enter the

intersection despite the autonomous vehicle’s calculation of
a crossing confidence score that exceeds the threshold score,
the remote human operator can enter a command rejecting,
the autonomous vehicle’s query through the remote operator
portal. Following receipt of this rejection from the remote
operator portal, the autonomous vehicle can remain stopped
on the sidewalk (or navigate to a halt on the sidewalk
adjacent the crosswalk), repeat the forgoing methods and
technique to recalculate the crossing confidence score, and
send a new query to the remote operator portal upon
calculating a crossing confidence score that exceeds the
(current) threshold score. For example, 1n response to receipt
of rejection to enter the intersection or otherwise resume
autonomous navigation through the crosswalk from the
remote human operator via the remote operator portal, the
autonomous vehicle can: cease transmission of optical data
to the remote operator portal; remain stopped at the sidewalk
adjacent the crosswalk; calculate a revised confidence score
for right of way of the autonomous vehicle to enter the
intersection based on features detected in optical data
recorded by the autonomous vehicle following receipt of
rejection from the remote human operator; and then transmit
a second query to the remote operator portal for manual
confirmation to enter the intersection in response to the
revised confidence score exceeding a second threshold
score, wherein the second threshold score exceeds the pre-
vious threshold score. The autonomous vehicle can thus
implement successively increasing threshold scores follow-
ing each rejection received from the remote human operator
while the autonomous vehicle waits to enter the current
crosswalk.

Alternatively, following receipt of rejection from the
remote human operator, the remote computer system can
queue the autonomous vehicle for additional support from
the remote human operator at a preset time (e.g., ten
seconds) or operator-elected time (e.g., between five sec-
onds and thirty seconds) following receipt of this rejection,
as shown in FIG. 3. The remote computer system can then
reconnect the autonomous vehicle and the remote operator
portal at the expiration of this time, and the remote human
operator can again coniirm or reject resumption of autono-
mous navigation by the autonomous vehicle.

Alternatively, in the foregoing implementations, the
remote human operator can assume remote control of the
autonomous vehicle via the remote operator portal and can
manually navigate the autonomous vehicle through the
crosswalk upon receipt of query from the autonomous
vehicle 1n Block 160.

The autonomous vehicle can therefore implement Blocks
of the method S100 to selectively request manual assistance
from a remote human operator to enter an intersection when
the autonomous vehicle 1s particularly confident that it
possesses right ol way to execute this navigational action
and/or when the autonomous vehicle 1s particular confident
that such navigational action poses limited risk to the
autonomous vehicle, thereby preserving both remote human
operator bandwidth and wireless data bandwidth and reduc-
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Ing resource consumption (i.e., remote human operator time
and wireless data volume) per mile traversed by the autono-
mous vehicle.

12.3 Other Remote Assistance Triggers

In this varniation, the autonomous vehicle can also prompt
a remote human operator to provide real-time assistance 1f
the autonomous vehicle 1s unable to achieve a crossing
confidence score that exceeds the threshold score within a
threshold period of time. In particular, the autonomous
vehicle can implement methods and techniques described
above to query a remote operator portal for manual assis-
tance 1f the autonomous vehicle has remained stopped at an
intersection for more than a threshold duration of time, such
as a preset maximum halt duration (e.g., one minute) or a
maximum halt duration assigned to the intersection in the
navigation map. Therefore, the autonomous vehicle can
automatically access a remote human operator for naviga-
tional assistance 1f the autonomous vehicle consistently
calculates a crossing confidence score that falls below the
threshold score over this maximum halt duration.

Alternatively, the autonomous vehicle can dynamically
reduce the threshold score (or the low threshold score
specifically) as a function of time since arriving at the
intersection. In particular, as the autonomous vehicle repeat-
ably recalculates a crossing confidence score for the cross-
walk over time, the autonomous vehicle can also reduce the
threshold score; once the autonomous vehicle calculates a
crossing confidence score that exceeds the current threshold
score, the autonomous vehicle can automatically query the
remote operator portal for manual assistance 1n Block S160.

In another implementation, the autonomous vehicle can
also selectively query the remote operator portal for manual
assistance 1f the autonomous vehicle calculates one or a
sequence of crossing confidence scores that fall within an
“unknown” score band (e.g., for crossing confidence scores
greater than 50% and less than 80%).

In yet another implementation, the autonomous vehicle
can read a threshold score assigned to the intersection or
crosswalk—that the autonomous vehicle 1s preparing to
cross—irom the navigation map and implement this thresh-
old score as a trigger to selectively query the remote operator
portal for assistance i Block S160.

However, the autonomous vehicle can implement any
other triggers or techniques to selectively prompt a remote
human operator for assistance in Block $S160.

The systems and methods described herein can be embod-
ied and/or implemented at least in part as a machine con-
figured to receive a computer-readable medium storing
computer-readable instructions. The instructions can be
executed by computer-executable components integrated
with the application, applet, host, server, network, website,
communication service, communication interface, hard-
ware/lirmware/software elements of a user computer or
mobile device, wristband, smartphone, or any suitable com-
bination thereof. Other systems and methods of the embodi-
ment can be embodied and/or implemented at least 1n part as
a machine configured to receive a computer-readable
medium  storing computer-readable 1nstructions. The
instructions can be executed by computer-executable com-
ponents 1integrated by computer-executable components
integrated with apparatuses and networks of the type
described above. The computer-readable medium can be

stored on any suitable computer readable media such as

RAMs, ROMs, flash memory, EEPROMSs, optical devices
(CD or DVD), hard drives, tloppy drives, or any suitable
device. The computer-executable component can be a pro-
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cessor but any suitable dedicated hardware device can

(alternatively or additionally) execute the instructions.

As a person skilled in the art will recognize from the
previous detailed description and from the figures and

claims, modifications and changes can be made to t

1C

embodiments of the mvention without departing from t.

1C

scope of this invention as defined 1n the following claims.

We claim:

1. A method for autonomously navigating along a first
crosswalk at an intersection by an autonomous vehicle,

wherein the method comprises:

at a first time, autonomously navigating along a first
sidewalk toward the first crosswalk at the intersection,
wherein the first crosswalk coincides with a navigation
route assigned to the autonomous vehicle;
recording optical data of a scene proximate the autono-
mous vehicle via an optical sensor integrated into the
autonomous vehicle;
detecting the first crosswalk 1n the optical data;
aligning an anteroposterior axis of the autonomous
vehicle to the first crosswalk detected in the optical
data;
detecting a first pedestrian proximate the intersection in
the optical data;
determining that the first pedestrian has entered the first
crosswalk at a second time based at least in part on the
optical data, wherein the second time follows the first
time;
in response to determining that the first pedestrian has
entered the first crosswalk at the second time,
predicting right of way of the autonomous vehicle to
enter the intersection; and
in response to predicting the right of way of the autono-
mous vehicle to enter the intersection,
autonomously navigating from the first sidewalk into
the first crosswalk; and
autonomously navigating along the first crosswalk to a
second sidewalk according to the navigation route.
2. The method of claim 1, turther comprising;:
detecting an unprotected crosswalk label associated with
the 1ntersection 1n a navigation map; and
determining that the first crosswalk 1s an unprotected
crosswalk based at least in part on the unprotected
crosswalk label, wherein detecting the first pedestrian
proximate the intersection in the optical data com-
Prises:
detecting the first pedestrian within the first sidewalk
proximate the first crosswalk 1n optical data recorded
over a lirst period of time, wherein the first period of
time precedes the second time,
wherein the method further comprises, prior to the second
time:
in response to detecting the first pedestrian within the
first sidewalk proximate the first crosswalk in the
optical data recorded over the first period of time,
calculating a first confidence score for the right of
way ol the autonomous vehicle to enter the inter-
section;
determining that the first confidence score 1s less
than a first threshold score; and
in response to determining that the first confidence
score 1s less than the first threshold score, halting
on the first sidewalk proximate the first crosswalk,
wherein predicting the right of way of the autonomous
vehicle to enter the intersection comprises:
in response to determining that the first pedestrian has
entered the first crosswalk at the second time,
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calculating a second confidence score for the right of
way ol the autonomous vehicle to enter the inter-
section; and
determining that the second confidence score
exceeds the first confidence score, and
wherein autonomously navigating from the first side-
walk 1nto the first crosswalk comprises:
in response to determining that the second confii-
dence score exceeds the first confidence score,
autonomously navigating from the first sidewalk 1nto
the first crosswalk.
3. The method of claim 2, further comprising:
detecting a vehicle approaching the intersection in the
optical data recorded over the first period of time;
determiming a first velocity of the vehicle based at least 1n
part on the optical data recorded over the first period of
time, wherein the first confidence score 1s calculated as
an 1nverse function of the first velocity of the vehicle;
determining a second velocity of the vehicle based at least
in part on optical data recorded over a second period of
time, wherein the second period of time follows the first
period of time; and
determining that the second velocity 1s less than the first
velocity,
wherein the second confidence score for the right of way
of the autonomous vehicle 1s calculated based at least
in part on the second velocity 1n response to determin-
ing that the second velocity 1s less than the first
velocity.
4. The method of claim 2, wherein autonomously navi-

gating along the first crosswalk to the second sidewalk
COmMprises:

autonomously navigating from the first sidewalk 1nto the
first crosswalk via a near ramp at the intersection,
wherein the near ramp extends between at least a
portion of the first sidewalk and at least a first portion
of the first crosswalk;

autonomously navigating within the first crosswalk to a
far ramp, wherein the far ramp extends between at least
a second portion of the first crosswalk and at least a
portion of the second sidewalk, and wherein autono-
mously navigating within the first crosswalk to the far
ramp comprises autonomously maintaining at least a
threshold distance between the autonomous vehicle and
the first pedestrian as the first pedestrian moves through
the first crosswalk; and

autonomously navigating from the first crosswalk to the
second sidewalk via the far ramp.

5. The method of claim 1, wherein detecting the first

50 pedestrian proximate the intersection in the optical data
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COmprises:

detecting the first pedestrian within the second sidewalk
proximate the first crosswalk 1n optical data recorded
over a first period of time preceding the second time,
wherein the method further comprises:
prior to the second time:
determining that the first pedestrian 1s stopped within
the second sidewalk based at least in part on the
optical data recorded over the first period of time
preceding the second time;
in response to determining that the first pedestrian 1s
stopped within the second sidewalk,
calculating a first confidence score for the right of
way of the autonomous vehicle to enter the inter-
section;
determining that the first confidence score 1s less
than a first threshold score; and
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in response to determimng that first confidence score
1s less than the first threshold score, halting on the
first sidewalk proximate the first crosswalk,
wherein predicting the right of way of the autonomous
vehicle to enter the intersection comprises:
in response to determining that the first pedestrian has
entered the first crosswalk at the second time,
determining a speed of the first pedestrian based at
least 1in part on the optical data;
calculating a second confidence score for the right of
way of the autonomous vehicle to enter the inter-
section as an 1nverse function of a difference
between the speed of the first pedestrian and a
predefined nominal pedestrian speed; and
wherein autonomously navigating from the first side-
walk 1nto the first crosswalk comprises:
in response to determining that the second confi-
dence score exceeds the first confidence score,
autonomously navigating from the first sidewalk
into the first crosswalk and past the first pedes-
trian.
6. The method of claim 1, wherein detecting the {first
pedestrian proximate the intersection in the optical data
COmMprises:
detecting a group of pedestrians within the first sidewalk
adjacent the first crosswalk, wherein the first pedestrian
1s one of the group of pedestrians, wherein predicting
the right of way of the autonomous vehicle to enter the
intersection comprises:
determining that a subset of the group of pedestrians has
entered the first crosswalk at approximately the second
time based at least 1n part on the optical data;

determining that the subset of the group of pedestrians
exceeds a threshold proportion of the group of pedes-
trians; and

in response to determining that the subset of the group of

pedestrians exceeds the threshold proportion, predict-
ing the right of way of the autonomous vehicle to enter
the intersection, and
wherein autonomously navigating along the first crosswalk
to the second sidewalk comprises:
autonomously following at least some of the subset of
pedestrians along the first crosswalk to the second
sidewalk.

7. The method of claim 1, further comprising;:

detecting a second pedestrian within a second crosswalk

perpendicular to the first crosswalk at approximately
the second time; and

in response to detecting the second pedestrian within the

second crosswalk:

withdrawing a prediction of the right of way of the
autonomous vehicle to enter the intersection; and

transmitting a query to a remote operator portal for
manual confirmation to enter the intersection.

8. The method of claim 1, further comprising:

detecting a trailic signal label associated with the inter-

section 1n a navigation map;

determining that the intersection 1s populated with a

lighted trathic signal based on the traflic signal label
associated with the intersection in the navigation map;
and

scanning the optical data for the lighted traflic signal to

determine right of way at the 1ntersection;
wherein 1dentifying the pedestrian proximate the intersec-
tion 1n the optical data comprises:

determining that the lighted traflic signal i1s obstructed

based at least in part on the optical data;
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in response to determining that the lighted traflic signal 1s
obstructed,
scanning the optical data for pedestrians proximate a
location of the first crosswalk indicated 1n the navi-
gation map; and
detecting the first pedestrian on the first sidewalk
adjacent the first crosswalk prior to the second time,
wherein predicting the right of way of the autonomous
vehicle to enter the intersection comprises:

in response to detecting the first pedestrian on the first

stdewalk adjacent the first crosswalk prior to the second

time,

determining a lack of right of way of the autonomous
vehicle to enter the intersection based at least 1n part
on presence of the first pedestrian on the first side-
walk adjacent the first crosswalk prior to the second
time; and

in response to determining that the first pedestrian has

entered the first crosswalk at the second time,

predicting possession of right of way of the autono-
mous vehicle to enter the intersection based at least
in part on presence of the first pedestrian 1n the first
crosswalk at the second time.

9. The method of claim 1, wherein detecting the first
pedestrian proximate the intersection in the optical data
COmprises:

scanning the scene proximate the autonomous vehicle for

pedestrians;

detecting the first pedestrian within the first sidewalk

proximate the first crosswalk 1n optical data recorded
via the optical sensor over a period of time preceding
the second time; and

calculating an angular yaw oflset between the first pedes-

trian and the first crosswalk;
wherein predicting the right of way of the autonomous
vehicle to enter the intersection comprises:

predicting an intent of the first pedestrian to enter the first

crosswalk as a function of a duration of the period of
time and as an inverse function of the angular yaw
offset; and

in response to predicting the intent of the first pedestrian

to enter the first crosswalk,

determining that the itent of the first pedestrian to
enter the first crosswalk exceeds a threshold intent;
and

associating the right of way of the autonomous vehicle
to enter the 1intersection with entry of the first pedes-
trian 1nto the first crosswalk in response to determin-
ing that the itent of the first pedestrian to enter the
first crosswalk exceeds the threshold intent.

10. The method of claim 1, wherein autonomously navi-
gating along the first sidewalk comprises:

autonomously navigating toward a portion of the first

stdewalk adjacent the first crosswalk at a first velocity,
and
wherein autonomously navigating from the first sidewalk
into the first crosswalk comprises:
autonomously navigating from the portion of the first
stdewalk 1nto the first crosswalk at a second velocity,
wherein the second velocity 1s less than the first veloc-
ity.

11. The method of claim 1, wherein detecting the first
pedestrian proximate the intersection in the optical data
COmprises:

detecting the first pedestrian 1n a second crosswalk at the

intersection, wherein the second crosswalk intersects
the navigation route,
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wherein predicting right of way of the autonomous vehicle
to enter the intersection comprises:
calculating a confidence score for the right of way of the
autonomous vehicle to enter the intersection based at
least 1n part on presence of the first pedestrian in the
second crosswalk that intersects the navigation route;

determining that the confidence score exceeds a threshold
score; and

in response to determining that the confidence score

exceeds the threshold score,

transmitting a query to a remote operator portal for
confirmation to enter the intersection;

transmitting a portion of the optical data to the remote
operator portal;

holding at the first sidewalk adjacent the first cross-
walk; and

receiving the confirmation to enter the intersection
from the remote operator portal 1n response to the
query, and

wherein autonomously navigating from the first sidewalk

into the first crosswalk comprises:

autonomously navigating from the first sidewalk into
the first crosswalk 1n response to receiving confir-
mation to enter the intersection from the remote
operator portal.

12. The method of claim 1, wherein detecting the first
pedestrian proximate the intersection in the optical data
COmMprises:

detecting the first pedestrian 1n a second crosswalk at the

intersection, wherein the second crosswalk intersects
the navigation route,
wherein predicting right of way of the autonomous vehicle
to enter the intersection comprises:
calculating a confidence score for the right of way of the
autonomous vehicle to enter the intersection based at
least 1n part on presence of the first pedestrian in the
second crosswalk that intersects the navigation route;

determining that the confidence score exceeds a threshold
SCOTe;

in response to determining that the confidence score

exceeds the threshold score,

transmitting a first query to a remote operator portal for

confirmation to enter the intersection;

transmitting a portion of the optical data to the remote

operator portal;

holding at the first sidewalk adjacent the first crosswalk;

and

not receiving confirmation to enter the intersection from

the remote operator portal 1n response to the first query,
and
wherein autonomously navigating from the first sidewalk
into the first crosswalk comprises:

in response to not receiving confirmation to enter the

intersection from the remote operator portal in response

to the first query:

remaining on the first sidewalk adjacent the first cross-
walk;

recording optical data of the scene proximate the
autonomous vehicle via the optical sensor at a third
time, wherein the third time succeeds the second
time;

calculating a revised confidence score for the right of
way ol the autonomous vehicle to enter the 1ntersec-
tion based at least in part on the optical data recorded
at the third time succeeding the second time;

determining that the revised confidence score exceeds
a second threshold score; and
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in response to determining that the revised confidence
score exceeds the second threshold score,
transmitting a second query to the remote operator
portal for confirmation to enter the intersection; and
receiving the confirmation to enter the intersection
from the remote operator portal 1n response to the
second query,
wherein autonomously navigating from the first side-
walk 1nto the first crosswalk comprises:
autonomously navigating from the first sidewalk 1nto
the first crosswalk 1n response to receiving the
confirmation to enter the intersection from the
remote operator portal in response to the second
query.
13. The method of claim 11,
wherein recording optical data of the scene proximate the
autonomous vehicle via the optical sensor comprises:
recording a color video feed of the scene proximate the
autonomous vehicle via the optical sensor, wherein the
optical sensor comprises a color camera integrated into
the autonomous vehicle; and
wherein transmitting the portion of the optical data to the
remote operator portal comprises:
querying a navigation map for a georeferenced area of
interest associated with the intersection;
cropping frames in the color video feed around the
georeferenced region of interest; and
transmitting the cropped frames 1n the color video feed
to a remote computer system via wireless commu-
nication protocol for distribution to the remote
operator portal.
14. A method for autonomously navigating along a cross-
walk comprising, by an autonomous vehicle:
autonomously navigating along a first sidewalk toward
the crosswalk at an intersection, wherein the crosswalk
comncides with a navigation route assigned to the
autonomous vehicle;
recording optical data of a scene proximate the autono-
mous vehicle via an optical sensor integrated into the
autonomous vehicle;
aligning an anteroposterior axis ol the autonomous
vehicle to the crosswalk detected 1n the optical data;
at a first time, calculating a first confidence score for right
of way of the autonomous vehicle to enter the cross-
walk based at least 1n part on proximity of a vehicle
detected proximate the intersection in the optical data;
at a second time succeeding the first time, detecting a
pedestrian proximate the intersection in the optical
data;
determining whether the first confidence score exceeds a
first threshold score;
in response to determining that the first confidence score
does not exceed the first threshold score,
determining that the pedestrian 1s entering the cross-
walk;
calculating a second confidence score for the right of
way of the autonomous vehicle to enter the cross-
walk based at least 1n part on presence ol the
pedestrian 1 the crosswalk, wherein the second
confidence score 1s greater than the first confidence
score; and
determining whether the second confidence score
exceeds a first threshold score; in response to deter-

mimng that the second confidence score exceeds the
first threshold score,
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transmitting a query to a remote operator portal for
confirmation for the autonomous vehicle to enter the
crosswalk;

receiving the confirmation for the autonomous vehicle
to enter the crosswalk from the remote operator
portal; and

in response to receiving the confirmation for the
autonomous vehicle to enter the crosswalk from the
remote operator portal, autonomously navigating
from the first sidewalk into the crosswalk: and
autonomously navigating along the crosswalk to a
second sidewalk according to the navigation route.

15. The method of claim 14, further comprising;

in response to determining that the first confidence score

exceeds the first threshold score,

autonomously navigating from the first sidewalk into
the crosswalk; and

autonomously navigating along the crosswalk to the
second sidewalk according to the navigation route.

16. The method of claim 14, wherein recording the optical
data of the scene comprises:

recording a color video feed of the scene proximate the

autonomous vehicle via the optical sensor, wherein the
optical sensor 1s a color camera ntegrated into the
autonomous vehicle:

querying a navigation map for a georeferenced area of

interest associated with the intersection;

cropping frames in the color video feed around the

georeferenced region of interest; and

transmitting cropped frames in the color video feed to a

remote computer system via wireless communication
protocol for distribution to the remote operator portal.

17. The method of claim 14, wherein the second confi-
dence score 1s at least one of:

proportional to a size and a density of a group of pedes-

trians detected in the crosswalk at approximately the
second time;:

inversely proportional to a detected speed of the group of

pedestrians moving across the crosswalk at approxi-
mately the second time;

inversely proportional to a number of pedestrians moving,

across a second crosswalk perpendicular to the cross-
walk at approximately the second time; and

inversely proportional to speeds of vehicles approaching

the intersection perpendicular to the crosswalk at
approximately the second time.

18. The method of claim 14, wherein detecting the pedes-
trian proximate the intersection in the optical data com-
Prises:

detecting the pedestrian within the first sidewalk proxi-

mate the crosswalk; and

wherein autonomously navigating along the crosswalk to

the second sidewalk comprises:

autonomously navigating from the first sidewalk into
the crosswalk via a near ramp at the intersection,
wherein the near ramp extends between at least a
portion of the first sidewalk and at least a first portion
of the crosswalk;

autonomously navigating within the crosswalk to a far
ramp, wherein the far ramp extends between at least
a second portion of the crosswalk and at least a
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portion of the second sidewalk, and wherein autono-
mously navigating within the crosswalk to the far
ramp comprises autonomously maintaining at least a
threshold distance between the autonomous vehicle
and the pedestrian as the autonomous vehicle navi-
gates within the crosswalk; and

autonomously navigating from the crosswalk to the
second sidewalk via the far ramp.

19. A method for autonomously navigating along a cross-
walk at an intersection by an autonomous vehicle, wherein
the method comprises:

autonomously navigating along a first sidewalk toward a

crosswalk at the intersection, wherein the crosswalk
comncides with a navigation route assigned to the
autonomous vehicle;

recording optical data of a scene proximate the autono-

mous vehicle via an optical sensor integrated into the
autonomous vehicle;
detecting the crosswalk 1n the optical data;
aligning an anteroposterior axis ol the autonomous
vehicle to the crosswalk detected 1n the optical data;

at a first time, determining states of lighted traflic signals,
proximate the intersection based at least in part on the
optical data;

at approximately the first time, calculating a velocity of a

vehicle approaching the intersection;
calculating a confidence score for right of way of the
autonomous vehicle to enter the intersection based at
least 1in part on the states of the lighted traflic signals
proximate the intersection and the velocity of the
vehicle;
determining that the confidence score exceeds a threshold
SCOTe;

in response to determining that the confidence score
exceeds the threshold score, transmitting a query to a
remote operator portal to confirm entry of the autono-
mous vehicle into the crosswalk:

recetving confirmation of the entry of the autonomous

vehicle mto the crosswalk from the remote operator
portal 1n response to the query; and

in response to receiving the confirmation from the remote

operator portal:

autonomously navigating from the first sidewalk into
the crosswalk; and

autonomously navigating along the crosswalk to a
second sidewalk according to the navigation route.

20. The method of claim 19, further comprising;

detecting a pedestrian proximate the intersection at

approximately the first time based at least 1n part on the
optical data;

determining that the pedestrian entered the crosswalk at a

second time based at least in part on the optical data,

wherein the second time follows the first time; and
in response to determining that the pedestrian entered the
crosswalk at the second time,
increasing the confidence score for the right of way of
the autonomous vehicle to enter the intersection.
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